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I. INTRODUCTION

This is the third semiannual te~hnical progress report for the
ARPA/NRL X-Ray Laser Program. There is no intention to duplicate
background material from previous reports*, since the format is
similar and coples are available upon request. Rather, the intent here
is to provide an update on program progress during this reporting
period with brief statemeats of motivation and goals.

The basic individual activities in the program have remained the
same, i.e.,

o0 Norlinear optical mixing for producing coherent radiation in
the vacuum-UV region,

0 Amplification of such coherent radiation, beginning in the
1600 A region in preparation for further frequency upconversion,

O Electron collisional pumping of ions in a plasma with enbanced
heating by picosecond laser irradiation,

0 Investigation of resonant charge transfer pumping at a high
rate into preferential levels as an advanced soft x-ray
amplifier, and

O Theory, analysis and numerical modeling in support of these
approaches and continual investigation of new concepts.

The overall theme in this program is to generate a coherent, collimated
laser beam at as short a wavelength as possible. The general approach
is to transfer a high degree of coherence from long wavelengths, with
amplification through molecular and ionic devices in an eventual

chain system.

#previous semiannual reports on this project are referred to liberally
in the present report. These are published as NRL Memorandum Reports
No. 2910 (October 1974) and No. 3057 (March 1975). Copies are
available on request. 3

NOTE: Manuscript submitted September 5, 1975.




it is appropriate here to reproduce one figure (Fig. 1)
from a recent presentation! (copy included in the Appendix) which
resulted from a somewhat buld projectien of currently popular
approaches to amplification at short wavelengths., Plattesd is the
mean density between amplitiers (N,) and pumpers (Np) for & real-
istically useful gaiu factor of (=5. There are a number of reasons to
seek lower density cperation, e.g., reduced line widths, lesg col-
lisionai effects, approach tuv solid densities at short wavelengths,
decreased pumping requiremerits, and flexibility for increared gain or
compensation for unforeseen- losses, The bold lines indicate the
regions of current interest at NRL in developing suitable amplifiers
consistent with this aim towards decreased density. This analysis
was done as part of our continuing evaluation of the entire field
and indicates that, with current knowledge, we are indeed on the
right track with a reasonable program.

Each component of our overall program is in a different phase of
development,as detailed in the following sections, The nonlinear
mixing experiments are essentially assembled now, experimental
activity has increased, and preliminavy results are reported. The
first stage of amplification at 1600 A is undergoing a reevaluation at
present due to unexpected complexities in the traveling wave electron
beam device and soaring time and cost requirements, We may revert
back t«, the proven discharge mode of operation or switch to a noble
gas syproach. The final decision will be influenced by our current
tests on ability to synchronize the various cdevices to the driving
cohere.'t beam. Amplification on ions by picosecond pumping of
preforme. plasmas has definitely moved now into the target irradiation
phase, as synchronization between the two laser beams improves.
Further development towards higher laser power are being postponed
until vacuum-UV x-ray and interferometric (density) measurements
can be completed at the current plateau, Numerical modeling of
atomic scurmes here is also progressing smocthly with the develcpment
of very versatile iaser codes. The search for direct experimental
evicence of enhanced populatior. of specific energy levels by resonance
charge transfer ir progressing with a very simple experiment designed
for rapid proof-of-concept. An unexzpected delay due to collection of
debris in the spectrograph slit appears solved by a simple flushing
technique and rapid progress can now be expected. A major physics
question here is whether a sufficiently dense interaction region can
be generated, and we are looking to computational! assistance from other
portions of the ARPA program in support of this experiment during
the next six months,

The follrwing sections of this report describe the details of
progress made in each of these areas during the last six months. A
summary of the important points is includec¢ in the 'ast section. In
some instances the work has been prepared for publication or has been
published. 1In these cases the reprint has been included as an appendix
and only brief mention of the work is made in the main body of the
report. Lach section also contains a few sentences about where the
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work is going and plans for the next reporting periud.
REFERENCE

1. R. C. Elton and R. {l. Dixon, "X-Ray Laser Research: Guidelines and
Progress at NRL', Proceedings Third Conference on Lasers, New
York Academy of Sciences, 1975 (to be pubiished). The portion of
this paper mentioned above will be also included in a forthcoming
detailed review paper in preparation for publication for the IEEE.,

IT, ELECTRON COLLISTONAL PUMPING VIA PICOSECOND IASER PUMPING OF PIASMAS,

I1I. A, 1ASER/PLASMA EXPERIMENT

The dual-laser experimental concept is shown schematically in \
Fig, 2 and has been discussed in previous semiannual reports and
elsewhere recentlyl’z. The basic idea is to prepare a suitable
plasma ion environment with a laser-target combination, and to
subsequently pump a population inversion on the ions with a very fast
rising second laser pulse. At its present stage of development it
consists of a plasma generated by point focusing a 2.0 J Q-switched glass
laser pulse onto a magnesium slab target, and injection of a synchronized
mode-locked 25 ps, 150 mJ Nd:YAG laser into the Mg-plasma after a certain
delay time. The details of the state-of-the-art laser system are
described in the next section. The initial laser beam is focused
with a 30 cm focal length, £/15 lens and the fncal spot size is
measured using a silicon diode array, yielding the results shown in
Fig. 3. First observations have been directed towards detection of
enhanced emission indicating increased electron heating with the
short pulse laser and associated enhanced pumping.

Independeat of a particular inversion atomic midel, a knowledge
of the svwatial distribution of density in the initial expanding plasma
is vital) information for directing and synchronizing the second pumping
laser pulse. At the highest densities near the target surface, the
highest absorption and greatest heating is obtained; however collisional
mixing is most rapid there also, with rapid collisional equilibratiom
which strains the pump pulse risetime requirements for many schemes,
At somewhat lower densities in the expanding plasma, collisional -
rates are lower and plausible inversion schemes are more identifiablej,
particularly for low-Z targets. Multiple passes or extended lengths
then hecome a possible requirement for sufficient absorption. The
determination of the density distribution can be accomplished
relatively simply in-situ using an interferometric technique which
utilizes the existing synchronized 25 ps Nd:YAG laser as a probing
light source, frequency doubled. This is presently being set up.

Meanwhile, the ionic composition of the expanding plasma as well
as the temperature can be appreciated using x-ray photography and
spectroscopy. Figs. 4a and 4b illustrate images of the X-ray emitting
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100 um

Fig. 3 Measurement of focal spot size using silicon
diode array. Spatial resolution is 25 pm.
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Fig. 4 Time integrated X-ray image of expanding plasma

(a) wusing a 50 ym pinhole.

(b) wusing a bundle of 5 cm long metallic tubes of which inner
diameter is 400 pm.



initial plasma obtained, respectively, with a 50 im pinhole and through
a bundle of 5 cm long metallic tubes (i.d. = 400 m), both of which
recorded x-ray photons of 1 to 1.5 keV. While the former shows only
the most intense x-ray emitting region (~ 250 gym) in the vicinity of
the target, the latter also records rather faint x-rays originating
from tenuous expanding plasma which extends as far as 1 mm along the
target and 1.8 mm away from the target. A peak electron temperature

of the Mg-plasma produced by the Q-switched glass laser may be
estimated®s>° from the line intensity ratio of H-like Mg XII 2p — ls

to He-like Mg XI 1s2p - 1s2 lines, assuming a coronal model. The x-ray
spectrun is obtained using a flat RAP (2d = 26.121 A) analyzing

crystal and a microdensitometer scan of the spectrum ottained is

shown in Fig. 5. The main line features in the spectrum are those which
arise from He-like Mg XI and Li-like Mg X ions. The spectrum is
typical4 of a plasma where the electron temperature is about 100 eV.

In this arrangement the spectral line width is determined by the size
of the radiating source (~ 250 pum).

A possible ionic inversion scheme involves lasing on 3p —* 3s
transitions following pumping from 2p levels and final rapid depopulation
from 3s @ 2p. This is a proven transition in the near ultraviolet,
and extrapolation to the vacuum-UV region has been described in previous
semiannual reports and elsewhere3. Recent advances in numerical modeling
of this scheme for ions in the carbon isoelectronic sequence are
descrihed in Section V.A. This is a possible quasi-stationary inversion
scheme, and the fiist stage will be to seek evidence of population
inversion, since significant gain will require absorption of consider-
able pumping energy. For ascertaining the existence of an inverted
population density between 3p and 3s levels, measurements of 3p — 3s
and 3s - 2p lines will be made, ith the latter occurring at about
1/10 the wavelength of the former. In order to bridge this gap in
instrument sensitivity, the 3d = 3p and 3d 2 2p nearby pairs of lines
will also be measured for a branching ratio calibration, since they
originate from the same upper level. This approach is indicated in
Fig. 6.

Th ion chosen for initfial studies is Mge+ (Mg VII). The expected
wavelength of the 2p3s 3p lasing line has been determined by extra-
polating the known wave numbers in the CI isoelectronic sequence for
carbon through neon. Fig. 7 shows the plot of wave numbers for the
carbon-like ionic species (up to Ar XIII), and one sees tnat the wave-
length for Mg VII falls at 1625 + 10 k. A l-meter normal-incidence
vacuum UV spectrometer with a 1,200 lines-per-millimeter ruled
grating (lazed at 1200 A) has been set up for the spe.troscopic
analysis, and the target chamber is mounted directly on the front of
the entrance slit assembly., The distance between the target focal
spot to the entrance slit is 11 cm, Fig. 8 shows a microdensitometer
scan of a typical time-integrated spectrum in the region of 1400 to
1800 ﬁ, taken with a 20 shot (Q-switched glass laser only) exposure,
The Mg-target used in this particular exposure contained aluminum
and carbon as impurities; the AZII 3s3p ‘P - 382 15 1ine at 1670.8 L and
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Fig. 5 K-x-ray spectrum of Mg-plasma obtained with RAP analyzing
crystal. Q-switched glass laser is focus onto a Mg-target to form a
100 ¢m dia focal spot.




CALIBRATION MEASUREMENT

3d

— 3

2p

Fig. 6 Transitions involved in determining the population inversion
ratio N3P/N g from relative line intensities, using branching transitions
shown from the 3d level for instrumental calibration.
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the CIV 2p 2P - 2828 doublets at 1550.8 X and 1548.Z } providing

excellent references. Some of the lines identified so far are listed
in Table 1. The spectrum consists of mostly lines arising from Mg IV
and Mg III ions in this spectral range; however, it is conceivable
that some of the unidentiied lines are those which originate from
Mg ions of higher stages of ionjzation. For example, a weak line at
1625 X may be the Mg VII (2p3p 3p - 2p3s 3P) transition as predicted.
The shorter wavelength 3s » 2p (and 3d - 2p) lines for Mg VII require
grazing incidence spectroscopy. Preliminary space resolved measure-
ments on & separate system (charge transfer experiment described in
Section II1) indicate the presence and resolution of these lines in
magnesium as shown in Fig. 9.

It is planned to compare two space-resolved Mg-spectra, obtained
with and without the injection of the 25 ps Nd:YAG laser firing in conjunction
with the Q-switched glass laser pulse, as soon a&s the electron density
profile of the expanding plasma is known. Also, some experiments may be
conducted with a lower-Z material such as fluorine, so that both
long and short wavelength lines can be measured on the same instrument,
to prove the technique.

REFERENCES

1. R. C. Elton, in Progress in Lasers and Laser Fusion, p. 117
(Plenum Press, New York, 1975).

2, R. A. Andrews in Progress in lLasers and Laser Fusion, p. 235
(Plenum Press, New York, 1975).

3. R. C. Elton, Appl. Optics 14,97 (1975).

4. D. Mosher, Phys. Rev. A 10,2330 (1974).

5. T. N. Lee and D. J. Nagel, J. Appl. Phys.; Sept., 1975 .
II.B. SYNCHRONIZED DUAL LASER FACILITY

The experiments described above (Section II.A) require a high
power Q-switched laser to generate a plasma of proper ionic consistency;
and a second, synchronized, short pulsed mode locked laser to produce
population inversion during the pre-equilibrium period of high electron
temperature. This coupled mode-locked Q-switched laser system is
now nearing completion. The full synchronizing sequence is operational,
and the jitter between the mode locked and Q-switched pulses have
been reduced to i 0.12 ns. The gain in each amplifier has been
measured independently. During this reporting period the Q-switched
laser was operated at full output power for the first time; and some
time was spent on longitudinal mode control in the oscillator.
Additional path delays were introduced into both the Q-switched and
mode locked lasers so that the shuttered portion of the Q-switched laser

13
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TABLE 1: Extrapolation of Lasing Transitions on Carbon-Like Ioms.

‘ ION SPECIES Qn A CONFIGURATION
Mg III 1738.8 2p°3p b - 5p° 3d OF
1 Mg IV 1736.8 2p3s 2p - 2p° 3p s
% iz 35 3P Jp - 3s 3d
1721.2 -~
Af TI 1721.3
AL TI 1670.8 362 1g - 3¢ 3p :
Mg VII 1625 2 2p. 38 P - 2p 3p D
04 III 1611.9 35 %P < 38 P
bg TV 1611.2
l 2',)4 3s 2D - 2p4 3p 2D
Mg TV 1607.1
x
Mg T11 1586.° | LSy PEREE Py
Mg IT1 1572.7
3 cIv 1550.8 | 0. A5t e it
A
cv 1548.2 §
Vg IV 1470.8 2p% 3p 2p - 2p* 3d B
Mg IV 1459.6 2p . B8 2= 2p4 3p 4S
Mg IV 1437.5 25" 3p % - 2p* 3d %
Mg IV 1409
l 2p4 3p F.- 2p4 3d 2G
Mg TV 1404.7 )

14
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pulse could be taken near the peak of the oscillator pulse, awd so
that the mode locked pulse could be delayed until after the Q-switched
pulse. The additional path delay required the addition of cylinder
expansion optics into the mode locked lasvr beam to more nearly

fill the aperture of the final amplifier stage, Target experiments
were performed both with the Q-switched pulse alone and also with the
two-pulse system. In addition, the mode locked laser was used fer
preliminary measurements of the norlinear mixing system for UV
generation.

I1. B.1. Q-SWITCHED LASER

The Q-switched laser was operated near full power for the first
time during this period, using the configuratior shown in Fig. 10.
The measured operatirg characteristics, along with the original design
parameters are shown in Table 2. The pulse duration of the Q-switched
laser is controlled with a Pockels cell shutter placed after the
oscillator. Pulse lengths from 0.5 to 10 nsec are obtained by
changing the length of the pulse forming cable. Laser power is constant
over this range of pulse durations. Above power levels of 1 GW, the
output is limited chiefly by damage to the final amplifier stages and
subsequent optics. Further increases in power are possible with the
current system, but they will have to be accompanied by more careful
beam expansion to reduce the power density at the output and by more
stable longitudinal mode contiol of the oscillator Lo prevent
excessive instantaneous intensity due to mode beating.

The oscillator output was an:ilyzed with considerable care to
determine optimum operating condition, within the restriction imposed
by the synchronizing sequence. This laser was designed to be operated
both independently and in synchronism with the single (short) pulse
mode-locked laser. The s''nchronization technique requires that the
Q-switched laser be triggered on the early leading edge of the mode-
locked pulse train. The oscillator output must build up from Q-
switching to pulse peak in a time less than 150 nsec., This is necessary
for the peak of the Q-switched pulse to be coincident with the peak of
the mode-locked pulse train at the point where the single pulse is
selected, In addition, any mode beating which is present must be on
a scale which is fast compared to the shutter duration, so that a
reliable fraction of the oscillaior pulse may be selected for
amplification. This implies that oscillation or. adjacent or nearby
cavity modes should be suppressed. Further restriction of lasing to a
single cavity mode is desirable from the point of view of stability of
timing and reproducibility of laser output intensity, and is absolutely
necessary for operation at average powzr levels greater than 1 GW,

As was pointed out in the previous semiannual report, the need
for rapid build-up times in the oscillator conflicts with requir=-
ments for single mode operation.l We have investigated several different
cavity configurations for longitudinal mode selection uncder conditions
of rapid pulse build-up., Preliminary studies indicated that a three

16
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element res- mant reflector, or a two element reflector combined with a
birefringent filter2, would be necessary to achieve sufficient dis-
crimination. Calculations indicated that an acceptable performance
could be obtained with a resomant reflectr: which consiscs of a
combination of a 5 cm long quartz fl=° | and 2 flat mirror combined with
a 5 cm long birefringent calcite plate (Fig. :l). Discrimination against
adjacent and nearby cavity modes is obtained with the two element
resonant reflector (Fig. 12) and discrimination against widely spaced
modes is provided by the calcite plate (Fig. 13). Theoretical

analysis of the combination indicates that the reflectivity of the
second largest mode is 0.91 of the reflectivity of the mode of

mé timum feedback.

Experimental investigation of the combination was performed in
steps. The output of the laser oscillator was measured on a planar-
diode and 519 oscilloscope with response time of 0.5 ns, an image
converter-streak camera with a resolution of 30 psec, and a Lummer-
Gehrcke interferometer with a free spectral range of 1.14 em=1 and a
vesolution of 0.08 cm~l., These three devices provided detection of all
rode spacings with good overlap in the ranges.

A study was first made of the laser output using the 2 inch
$Si0, plate and a 45% flat mirror. Typical measurements are shown in
Fig. 14. Considerable variation could be observed in the output as the
distance from the mirror to the quartz plate was varied and, at an
optimum spacing, oscillations fluctuated between true single mode
behavior on modes too widely spaced for the beating to be resolved
on the 519 oscilloscope. Beating between nearby modes was effectively
reduced, as is expected from the curve in Fig. 12; and the resulting
pulse is sufficient for use in the current set of experiments.

Attempts were made to reduce the remaining mode beating with the
use of additional frequency selection. A Laser Optics "Ekalon'" resonant
reflector was substituted for the 45% mirror. With adjustment of
reflector spacing, improved frequency selection was obtained; however,
it was not stable. After approximately 10 shots, single mode operation
deteriorated to multimode modulated output (Fig. 15).

The birefringent caicite plate was added next. As expected, the
suppression of oscillations on videly spaced modes was improved.
Oscillation on nearby modes, however, reappeared. This can be attributed
to a number of factors. The thickness of the "Ekalon' device is fixed,
therefore its reflection cannot be tuned to the transmission peak of the bire-
fringent filter and to the peak of the Nd:YAG fluorescence. The combination
of the 45% mirror, 2 inch fused silica flat, and birefringent filter
should overcome this problem. Testing of this last combination had
to be postponed to allow target experiments to continue. Additional
effort shall be placed on further isolation of the laser oscillator
using mechanical and acoustical isolation and a permanent shield.

Methods of temperature stabilization are also being investigated. It

19
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Fig. 12 Reflectivity of two element reflector consisting of 457 single

surface mirror and 2 inch thick flat-parallel fused quartz reflector
spaced 4.35 inches.
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Fig. 13 Transmission of calcite plate and polarizer compared
to Nd:YAG fluorescence,
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Fig. 14 Streak camera
recordings of a 3 nsec
segment of the Q-switched
laser pulse. This per-
formance is typical for
operation with the 2 inch
reflector and 45% mirror
alone. Laser output
would vary between single
mode (a) and two widely
spaced modes (b). Trans-
lating the 45% mirror a
fraction of a wavelength
produced the slower
modulation of closely
spaced modes (c).




OSCILLOGRAM OF
Q-SWITCHED PULSE
SHOWING SHUTTERED
PCRTION REMOVED

le— 120 nsec =

STREAK RECORDING
OF SHUTTERED
PORTION OF PULSE

L
3
TIME (nsec)

Fig. 15 Streak camera recording of Q-switched segment
with "Ekalon" reflector used with 2 inch fused silica
reflector., With adjustment, signle mode unmodulated
output as shown would last for typically 10 shots.
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is anticipated that with these improvements, stable operation on a
single mode can be achieved with the system in Fig. 10.

I1.B.2. MODE-LOCKED SHORT-PULSE IASER

The mode-locked laser is now fully operational, and routinely
operates with output energies between 150 and 200 mJ. During the course
of arranging components for the synchronizing sequence, it became
necessary to add about 4 ns of delay to the mode-locked laser (Fig. 16).
This added path resulted in astigmatic propagation of the mode-locked
pulse because of its elliptical profile (see first semiannual report),
and a reduction in pulse energy to the 80 - 90 mJ level was observed.
Introduction of cylinder expansion into each arm before the % inch
amplifier resulted in an overall beam size which more nearly
fills the amplifier rods, and has restored the output energy to its
original value near 200 mJ. Each beam was then collimated by an
appropriate cylindrical lens at a position which gives a circular pro-
file. The resulting beam can then be focused to a smaller spot than
the elliptical one, giving greater intensity in the focal region, or
can be expanded for amplification in a glass amplifier.

Further work on the mode locked laser will be in the areas of
target isolation involving the addition of isolating Pockels cell
(Fig. 16), and gi.dual improvement of its operation in the areas of
efficiency and reliability. Equipment has also been assembled for the
addition of a 32 mm glass amplifier which can raise the output power
o' 2 Jx
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II.B.3. REDUCTION OF SELF FOCUSING

Whiie no serious exper iments have been performed in this area
during this reporting period, some thoughts have continued since self-
focusing is a potential problem as lasers of increased power become a
necessity for short wavelength pumping sources. Thoughts are directed
towards a method of compensating for self focusing (and self phase
modulation) in high power lasers, and thereby extending their power
capabilities,

BACKGROUND

The useful output power that can be generated ir. many pulsed
solid state lasers is limited by the occurrence of self focusing and
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self phase modulation due to the positive nonlinear vefractive index
ng of the amplifying medium. Self focusing need not involve the
entire beam; in fact, it occurs most often in the form of filaments
or "hot spots". These grow exponentially out of low amplitude spatial
inhomogeneities in the input beam as the pulse propagates through the
laser amplifier chain. In general, the growth rate of the hot spot
intensity is proportional to the product of the nonlinear index ny,
the average beam intensity I,, and the total propagation path length
£ through all of the amplifying stages. At moderate power levels,
self focusing degrades the pulse by distorting its wavefront and
broadening is spectral width through self phase modulation. At high
power levels, the hot spots can grow to catastrophic intensit:ies and
cause serious damage to the final amplifier stages.

Present techniques for minimizing self focusing include (i) min-
imizing spatial ripples (e.g., due to interference effects) in the input
beams; (ii) use of large aperture amplifiers to keep the average
intensity low; (iii) use nf high gain, low nyp amplifying materials to
minimize nyl; (iv) spatial filteriug between amplifier stages to eliminate
higher spatial frequency inhemogeneities, which tend to grow more
rapidly; and (v) use of an‘aspheric diverging lens to counteract whole-beam
self focusing and reduce the growth rate of the hot spots., Minimization
of ripples on the input beam is a necessary first step; however, it is
difficult to reduce the effects initiated by small random inhomogeneities
in the amplifying material itself. Moreover, one cannot eliminate the
spatial frequency components introduced by apodization of the beam.

The use of large aperture amplifiers is limited by cost, and by suzh
factors as parasitic oscillations. In practice, apertures are limited
to about 20 cm. The recent development of high gain, low ny materials,
such as phosphate glasses, may allow an increase in useful output power
by a factor of two or three., The gain of an amplifier stage is
limited by parasitic oscillation, and conventional methods for reducing
nog are not likely to effect reductions significantly greater than 30%.
Spatial filtering can eliminate only the higher spatial frequency
components (e.g., spatial frequencies > 10 ecm~l), As the intensity
increases, however, the lower spatial frequencies begin to grow rapidly,
and whole-beam distortion becomes important. A diverging lens has the
disadvantage that it can effectively counteract self focusing in only

a narrow range of intensities. If it is effective at the peak of the
pulse, then it offers little advantage elsewhere.

POSSIRLE SOLUTION

We propose to reduce or eliminate the self focusing by using a
material with a uncgative n, to compensate for the positive ny of the
laser amplifiers. Several materials exist with a negative ny in
narrow frequency ranges accessible to the lasers most commor:ly usr:d.
For example, it has been noted that cesium should exhibit a nega’' ‘ve
value of ny at the Nd:YAG wavelength 1.064 .l A recent experimental
and theoretical study of cesium vapor described in




previous semiannual reports and elsewhere2 has confirmed that the n
is indeed negative at 1.064 1, and that it can be made comparable in
magnitude to the ny of typical laser glasses. With linearly polarized
light, the effect arises mainly from a_two-photon resonance between the
¢ pulse and the atomic levels 6s and 7s.“ This means that the nonlinear
refractive properties remain intensity-dependent, even for pulsewidths
comparable to the inverse atomic ‘inewidth - an advantar e not shared
by single-photon resonancesZ:3,4 or thermally-induced nonlinear re-
N fractive effects,?

One practical embodiment of the compensation scheme would use
a chain of amplifier-compensator units as illustrated in Fig. 17.

b 4
Y
/

—> > > - >

Figure 17

The fundamental unit of this chain is the symmetric combination (1) -
(2) - (3). Here, (1) and (3) could be amplifier stages (ngy > 0),
while (2) is a negative n) compensator (e.g., a -esium vapor cell).
Alternately, (1) and (3) could be compensators, and (2) would be the
amplifier. The important point is that the magnitude of the product
Ionzz due to (2) should exactly cancel that due t3 the combination of
(1) and (3). As long as individual amplifier stajes contribute only

a small amount to the nonlinear wavefront distortion, this unit allows
that distortion to be corrected before it can propagate through
additional amplifiers and thus grow into an appreciable change in beam
size or develop into a hot spot, The symmetric configuration, in
which (1) and (3) contribute equally to Iongt, has the advantage that
it eliminates any nonlinear change ir beam size that could otherwise
occur. A compensated laser amplifier chain can be built simply by
combining two or more of these units, as indicated in the above
illustration. If units (1) - (2) - (3) and (4) - (5) - (6) were
adjacent, then, in practice, (3) and (4) could be combined to a single
amplifier or compensator.

This negative ny compensation technique has the major advantage
that it can virtually eliminate self focusing and self phase modulation
in a multistage laser system, rather than merely containing it. It
compensates at all intensity levels, and therefore, at all times during
the pulse. With this type of compensation, intensity levels and power
output can be raised appreciably. The only remaining limitations are

J (1) the intrinsic (breakdown) damage threshold of the laser materials,
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and (ii) the requirement that individual amplifier stages contribute
only a small amount to the nonlinear wavefront distortion. Intrinsic
damage thresholds are typically larger than present allowable intensity
levels by a factor of at least 10. 1In a multistage system, this
technique - in combination with spatial filtering and the use of high
gain, low n), amplifier materials - should allow intensities limited
only by the intrinsic threshold.

The above compensation technique 1is currently under theoretical (and
experimental) study. Two additional proposals also under srtudv are:

(i) A negative Ny cell which could be inserted into the cavity of
a laser oscillator., This would eliminate the self focusing and self
phase modulation that typically plague oscillators such as Nd:Class,
In this case, the product 1,n2L of the laser rod and compensator would
be of equal magnitude, and the phase distortion would be canceiled
each time the pulse traverses the cavity. The main prublem here with
Cs vapor would be dimer absorption at che low intensities,

(i1) Several other elements and ions may be suitahie alternatives
to cesium vapor; i.e.,, they have a pair of energv levels that provide
& two-photon resonance around the predominant Nd laser lines
1.052 . - 1.075 ,;, and these levels are strongly radiativelv coupled
to sujtable intermediate states. Two examples are the ls 2s ls -

s 3s 1§ levels of parahelium, and the 3p3 450 . 3p3 2p0 levels of
phosphorus. Other possible two-photon resonances exist in na, Zr+2,

and the trivalent rare earths Sm*3 and Ho*3. The divalent and trivalent
ions are especially interesting because of the possibility cf doping
them directly into the laser amplifier material. The effective iy of
the material could then be lowered significantly, or even reduced to
zero.,
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ITI. RESONANT CHARGE TRANSFER PUMPING

The motivation for achieving preferential level population by a
resonance charge transfer process (wiith a very large cross section),
and a choice of particularly promising ion-atom combinations, was
discussed in previous semiannual technical reports for this program and
elsewherel,2, 1nitial experiments are being conducted with Fighly-
stripped carbon ions emitted from a laser-irradiated surface and expanding
into a background gas., The program has been divided into two phases:
the preliminary phase and the achievement phase. The first phase is
concerned with obtaining evidence of enhanced emission and
associated level population and possibly inversion data and establishing
methods which will determine the experimental arrangement and operation
of the second phase., In this preliminary phase, the light pulse from
a 20 ns, 6 Joule ruby laser is point-focused onto a carbon slab
target. Soft x-ray spectra are obtained over multiple exposures with
a grazing-incidence spectrogrpah, both with and without a surrounding
neutral-atom background gas (helium). The second phase of the
experiment will utilize the large NRL Glass Laser Facility tuned to
produce a 30 ps, 10 Joule light pulse. This laser pulse will be line-
focused onto a slab target producing a plasma that will expand into
a background gas. The spectral line radiation from the expanding
target plasma will be examined on a single-shot basis for further
evidence of population inversion, enhanced X-ray emission, and evidence
of significant lasing action.

The experimental program is well into the first phase., Several
procedures are being examined and adapted ‘nto gemeral use; also a few
technical problems have been uncovered and are presently being
resolved. The most persistant of these problems is the in-situ
focusing of the spectrograph to obtain maximum resolution in first
order where the light intensity is the highest--thus requiring fewer
number of shots per exposure--and confusion with higher-order
spectra is minimal. Focusing corrections are being made during this
period of preliminary investigation and it is expe:ted that the optimum
focus will be achieved before the end of phase oue:,

Identification of the spectral lines obtained with a carben target
is continuing.2 Besides the C4+ (CV) and c5+ (CVI) resonance series
reported previously, several satellite lines and intercombination
lines of carbon have been identified, as have higher series members
at longer wavelengths. Recombination emission beginning at the series
limits is also observed along with oxygen and sodium impurity lines,

Spatial resolution of the target plasma has been achieved by
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installing a slot between tie entrance slit and the grating, with the
slot length orthogonal to the entrance slit (See Fig.18). 1Initial
spatially-resolved spectra (without helium) of limited resolution
¢ : were obtained? with a 400 (m wide slot, and are reproduced in Fig. 19.
The lines are seen to originate in the higher density region near the
target surface where Stark broadening dominates and some self-
reversal is observed, indicating a large optical depth. All of the
spectral lines are observed to narrow at increasing distances from
the target where the charged particle density is decreasing. The
CVI lines and highly ionized impurity lines occur near the target
surface along with the concinuum emission at high densities, as
| shown in the densitometer traciugs in Fig. 20, As the plasma expands
4 away from the surface, the CVI lines fade first, with recombination
supporting the CV line intensities as shown in Fig. 20 also.

o .

-

The spectrum of Fig.19 was obtained under vacuum conditionms.
A similar spectrum was obtained with the carbon target immersed in
10 Torr of He gas. A noticable difference between the two spectra
was a spatial intensity variation of the CV resonance lines with the
background gas present. Repeating the experiment with a narrower
slot width (100 .m) suggested the presence of target debris between
the jaws of the 25 um wlde entrance slit. Further investigation confirmed
- this suspicion. Rententlon of target debris by the entrance slit
| could falsify intensity measurements on spatial resolution informati »n
J g obtained from spectra taken with multiple shot exposures. This
becomes a major problem, because preliminary data indicate a necessity l
; to go to even narrower entrance slits. The problem is being solved
| . by installing a valve behind the entrance slit (to isolate it from the
spectrograph chamber) so that the slit can be back-flushed with a
puff of gas to clear the debris from the slit. The valve-gas-£flush
| system is presently being installed in the spectrograph.

With the addition of this gas flushing system, it will be possible
to compare relative line intensities with and without a neutral back-
ground gas in an appropriate region of high initial ion density
(e.g8., C5t+ as in Fig.20). From these comparisons it should be possible |
to ascertain whether any significant enhanced population is produced
as expected. Other ions and gases w.ll be tried at various pressures
also. This would essentially complete the preliminary phase of the
experiment.

ot eI

T e

Plans are underway and equipment is now being obtained for
directing the large glass laser into the charge transfer chamber
| as a first step in initiating the second phase of the experimental
i [ program.
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IV. COHERENT VUV/SOFT X-RAY PULSES BY NONLINEAR MIXING AND AMPLIFICATIOW

A. NONLINEAR MIXING

This section describes our approach to the generation of coherent
soft-x-radiation through nonlinear mixing processes. The motivation !
and general technique was described in detail in previous reports
and is outlined briefly in Fig.2l. The output of a Nd:YAG mode locked
laser is converted to tunable visible radiation by successive
frequency doubling and parametric frequency conversion in each of two
arms. The tunable visible light in each arm is combined and converted
to the vacuum-UV (VUV) region threcugh resonantly enhanced freauency
mixing in a suitable metal vapor, and is then amplified in a VUV
molecular amplifier as described below. A further stage of resonantly i
enhanced nonlinear mixing is then used to convert the VUV to the soft
X-ray range.

As was outlined in the previous semiannual report, tlie technique
of parametric conversion was chosen to convert the 1.0% . YAG output
into tunable visible light because of its potential for generating higher
powers and shorter pulse durations with the available laser system.
During the previous period, crystals and ovens were obtained for use
in the frequency conversion process. During the present period, one
arm of the visible radiation generator was set up and preliminary
investigation of its operating characteristics was begun. Measure-
ments of conversion efficiency in the first two stages of harmonic
generation have been made. The parametric down conversion system
has been set up and radiation generated from 4600 to 6300 } by tuniny
the crystal temperature from 52 to 70°C.

During the early stages of operation, second harmonic generation }
was done in a 1" long KDP crystal, phase matched by angle tuning. Pump
depletion measurements indicated internal conversion efficiences of
50%, which were consistent with energy measurements of 40 mJ in the
second harmonic pulse when reflection losses at the uncoated surfaces !
were taken into account. The crystal tad to be aligned to within
160 urad, consistent with the width of the phase matching peak for a
crystal of this length. In the latter stages, the 1" crystal was |
replaced with a 2" long crystal and pump depletion measurements ]
indicated 707% conversion to tie second harmonic. Care was taken |
during these measurements to insure that the waist of the 1.5 cm
diameter 1.06 um beam was located at the crystal to avoid reuuced
conversion due to incomplete phase matching arising from beam
divergence.
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Fourth harmonic generation was done on a 1" long crystal of ADP,
90° phase matched by temperature adjustment. Pump depletion measure-
ments indicated 307 conversion from the second harmonic to the fourth
harmonic, giving about 12 mJ at 2660 L. This level of conversion is
somewhat less than expected, in view of the excellent conversion
achieved in the firs. doubling stage, and sources of the reduced
conversion are being investigated. Nonlinear absorption in ADP at
2660 has been re ortedl, and a search for intensity-dependent trans-
mission of 2660 A in a 2" long ADP crystal at 50°C (for both "e" and
"o" polarizations) was made at NRL. No nonlinear absorption was
observed for incident radiation levels around 100 MW/cm“. Linear
absorption in the crystal was measured at 107%, after calculated Fresnel
losses were included, and this level does not seem to be large enough
to account for the discrepancy. However, additional qualitative
observations were made of second harmonic generation with pump
powers at 0.53 i m of the order of 5 GW/cm?. Significant pump depletion
was observed at the phase matching temperature without a corresponding
increase in second harmonic signal.

The temperature uniformity of the crystals was measured with the
aid of a Mach-Zhender interferometer illuminated with a helium-neon
laser. The observed interference pattern indicated that the crystal
temperature was uniform across the full aperture of the crystal, and
fluctuations in fringe position indicated a short term temperature
stabiiity of < .05°C. This fluctuation is well within the phase
matching temperature width of ~ 0.2°C, and again appears to be too
small to account for the relatively low UV-conversion.

Parametric down conversion of the 2660 R light to the visible
was accomplished in two successive ADP crystals. Visual observation
of the generated light was made as the temperature of the crystals
was varied from 51.8°C (degeneracy) to 709C, corresponding to a wave-
length interval of 4600 - 6300 . Rough estimates of conversion
efficiency to the visible indicated that the parametically generated
light contained about 7% of the UV pump light, or about 1% of the
1.06 m light,

The conversion efficiencies and currently available powers in the
system are listed in Table 3 and are compared to the expected values
listed in the previous semiannual report. The predicted performance
levels were quite conservative, especially in the early stages and the
performance of the entire system at this stage appears to be well
within the initial expectations.




PARAMETIC OF VUV TUNABLE SOURCE

DESICH VALUES ' 4 MEASURED VALUES

PULSE PULSE e FULSE
STAGE ENFRGY RATION i P(W) ENERGY

9

INPUT 180 mJ 30 psec 6 X 10 100 md
lst

SH CRYSTAL S0 m 30 psec 507 3 X 10°

40 nJ¥*

2nd 8
SH HARMON'C -1 30 psec 57 3 X 10 12 m)
Mixing)

CRYSTAL

TUNABLE 0.05% 9 X 106
LASER (LST,)

Uy PuT

OUTPUT OF  0.0% m1 0.018% 3 X 10°
NONLINEAR (EST.)
MIXING CELL

*Discrepanies between energies in successive stages and cumilative
efficiences are due o rellection lo.ses at surfaces,

B. VACUUM-UV AMPLTFICATION

Ag was poiuted out in the previous semiannual reports. ampliiicaii =
of the VUV radiation generated by nonlinear mixing of the perametrically
generated visible light is desirable to increase the efficiency o
further nonlinear processes. Two approaches have been under con-
sideration for omp!ification in the 1600 - 1700 [ spectyal region,
namely the clectricaily excited H, laser as an amplifier and t'e clectron-
beam pumped nobie :.is lasers also as amplificrs, The former is uuch
further along in develspment at NRL, while thoe latter is very appealiug
from a wider bandwidth viewpoint. This is illustrated in Fig.22. Thas,
the wider amplifving bands of the nohle gases such as Xe, Av, and
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Kr could provide more flexibility in terms of matching the tunable

VUV simultaneously to the amplifying line, and to multiphoton resonances
in appropriate nonlinear media. Estimates of stored energy obtained
from reported measurements of noble gas lasers indicate that the
amplifiers will operate in a depletion mode, providing pulse powers

in the GW range.

Most of the progress for this reporting period has involved the
traveling-wave electron beam and discharge devices described in
previous semiannual reports, with possible application to noble gases,
as well as N, and llp at increased pressures. The traveling-wave
electron beam system has been described in the previous reports, but
Fig,.23 is included here to give a better idea of the operation of the
device. The device consists of two flat plates separated by a
dielectric sheet to form a capacitor. The bottom plate is charged to
extvemely high voltage from a storage capacitor. When the charge is
maximum, the dielectric switches along the edge are closed sequentially
making che plates into a transmission line. Each switch generates a
reversed voltage wave which add spatially to form a traveling wavefr-mt.
Wien the leading edge reaches the first cathode, voltage appears across
the diode causing emission of electrons. These electron~ ~ra
accelerated across the diode and through the foil window of .he high
pressure gas chamber. There the electrons collide with the L3S atoms,
generate secondary electrons and return current electrons, aud excite
or ionize the gas. At high pressures the ionized atoms combine with
neutral atoms to form excited molecules. These excited melecules can
be stimulated to emit radiation. When this happens the molecule
dissociates into two atoms again,

Many of the modifications already made to the above system have
been described in the previous reports and will not be repeated here.
Near the end of the last reporting period the traveling-wave electron
beam began operating as expected, laser experiments were begun, but
the recurrence of numerous minor difficulties and the lack of suificient
funding to initiate the changes required to properly eliminate these
difficulties considerably slowed the research. At this stage it was
considered to be more profitable to switch to some discharge experi-
ments th:t could be carried out using the traveling-wave system with
the diode section removed and electrodes added. This was quickly
done and the electron beam section was set aside.

The construction of the discharge seciion allowed discharge
experiments to be performed that had previously been impossible,
The system now has the capability of operating without windows so
that experiments with laser emission helow 1000 £ could be contemplated,
In addition, any pressure can be used in the gas chamber., (The
previous discharge systewn could not handle pressures above a few
hundred Torr.) With these capabilities the system was ready to carry
out new short wavelength laser experiments.
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Fig. 23 Diagram of traveling-wave electron beam device.
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The first discharge experiment carried out was an attempt to
find vacuum ultraviolet laser lines in the 900 - 980 & region from
molecular nitrogen. These lines are fram the blnu upper level to the
X1+ ground state and in experiments to date have not been seen to
lase. These experiments have not yet covered all the combinations .
of pressure and discharge curremnt, Since it is necessary to dif=-
ferentially pump between the laser and the vacuum monochrcmator used
to detect the radiation, it is somewhat difficult to be sure of the
pressure in the laser channel at the time of firing. Pressures have
been tried in the 1 - 10 Torr region in the hope of producing higher
electron temperatures than in the case of hydrogen., At these pressures
it is possible that the inversion densitv is not sufficient for
amplified spontaneous emission (ASE) in the 1.6 m of length available.
I1f this is the case, ASE could occur if the discharge can be lengthened
or if it is possible to pump harder. !arder pumping appears to be the
easier alternative and it will be pursued.

The alternative amplifier approach involving electron beam pumped
noble gas lasers with wider bandwidth will most likely begin with a
Febetron electron beam pumped coaxial diode gas chamber, according
to the prcven design of D. Bradley and coworkersl, The Febetron is om
hand and the diode purchased from Bradley. The principal problem with
either approach is the question of jitter in synchronization of the
amplifier with the coherent beam to be amplified. This is being 4
investigated at the present time with the Febetron source and appears
to be of such a magnitude that operation is possible. Conventional
triggering would be replaced by laser-triggered spark gaps to time the .
production of gain with the arrival of the pulse to be amplified.
Since the excited lifetime of xenon is longer than that of hydrogen,
the synchronization should not be quite as critical. Once the system
has been checked out to minimize jitter and the xenon diode has been
installed, experiments to determine the proper injection timing will
be conducted., Once amplification at 1720 E has been accomplished,
it is hoped that other rare gas excimer ampliriiers can be built at
shorter wavelengths.

RETERENCE
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V. THEORY AND ANALYSIS

The theory and analysis portion of this program is directed
towards detailed numerical modeling of atomic physics, both for those =
schemes considered directly relevant to ongoing experiments in the
program for guidance and for those considered sufficiently promising as
alternative apprcaches to warrant a somewhat in-depth study. Two
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examples from activity during this reporting period follow.

A continuing concern is a monitor of the overall field of short
wavelength lasers, to which many participants in the program contribute.
A recent overview of the wurrently popular approaches and an attempt
to form a somewhat rcugh prognosis was completed during this reporting
period and included in detail in & onference paper!, a copy of which
is included in the Appendix. The results were described in the
Introduction to this repcrt and summarized in Fig. 1, Most of these
approaches are being pursued in derth by various groups and it is
intended that this sort of prognosis will be continually updated as
further data points are provided (not shown in Fig. 1 is the hydrogen
laser point at 1600 [ which does inde:d mtch quite well),

V. A, NUMERICAL MODELINC OF 3p -* 3s 1ASIMNG

It appears reasonably possible to achieve sufficient gain on
3p » 3s transitions in plasma ions to extend successful visible and
near-UV CW ion laser transitions into the vacuum-UV region vhere
reflecting cavities are not available. The basic censideration:
and some initial results of computations of the 3p - 3s gain coefficient
of doubly-ionized oxygen (0 ITI: carbon isoelectronic sequence) as a
functior of electron temperature and ion density for a simple three-
level model which neglected ionization and recombination processes

were described in the last semiannual report and elsewhere recently1'2’3.

It will be recalled that O I1I was chosen as a test case for carbon-
like ions since there is ample atomic data available for this ion
without extrapolation. This modeling is relevant to the
experiments described in Section II.A. above. The numerical results,
which were obtained with a versatile computer code named XRL-1
assembled specifically for modeling x-ray laser schemes showed an
increase in gain as the ion density (hence the inversion densityv)
increased. It was pointed out in the preceding report that the gain
versui density curve had a portion where the gain coefficient increased
as N.” in the low density limit; this slope decreased at intermediate
densities so that the gain was approximately proportional to the jon
density; and finally, at high densities, collisional mixing of the
upper and lower laser levels dominated and wiped out any Yopulation
inversion. Large gains of the order of a few hundred cm~l were
computed with this simple model,

2s more physics is added to the XRL-1 computer model, the calculated

3p » 3s inversion density is expected to be less than that computed
from the siiplified three-level scheme, due "o depletion of the upper
laser level by atomic processes other than the laser transition (See

Fig.24). Probably the nost dominant process contributing to depopulation

of the 3p level in the important regions of dens.iy and temperature
is ionization to the ground state of the next higher species. To
test the effect of ionization, a series of runs of the XRL-1 code
was made for O III in which the populations of the ground states of
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O II and O 1V as well as the three O III levels (2p, 3s, 3p) were
computed as a function of time.

The atomic processes and energy levels considered by the XRL-1
model are indicated in Fig. 24 and also in Fig. 25, where the arrows (both
solid and dashed) indicate the transitions which were taken into account.
Where applicable, the following atomic processes were considered,
collisional and radiative recombination, collisional ionizatiun,
collisional excitation and deexcitation, and radiative decay. All
collisional processes are assumed to be dominated by electrons. Other
assumptions of the model are listed in Fig. 25,

The curves in TFig. 25 compare the gain coefficiert obtained from
recent computer runs which have included transitions to and from O 11
and O TV compared with runs made under the same conditiocas of density
and temperature but with only transitions (solid arrows) between the
three O IIT levels considered. As expected, the inclusion of
ionization and recombination does reduce the population inversion by
providing 2n additional sink for atoms excited into the 3p level;’ .t
the drop is only about a factor-of-two for what is expected to be the
most dominant inversion depletion mechanism, and the remaining gain
coefficient is still large.

The addition of more physics and more energy levels to the model
and the extension of 3p » 3s modeling to higher atomic number species
such as Mg VIL (hence shorter wavelengths) will provide a better grasp
on the understanding of the lasing mechanism and pump requirements,
as well as guiding the choice of experimental conditions to produce
vacuum-UV and soft %-ray lasing,

REFERENCES
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New York Acadery of Sciences, 1975 (to be published).

2\ R. C. Elton, Appl. Optics 14, 97 (1975).

3l R. C. Eltorn, "Three Quasi-CW Approaches to Short Wavelength Lasers'
in Progress in lasers and lLaser Fusion, p. 117 (Plenum Fress, New
York, 1975).

V. B. RECOMBINATION PUMP MODELING

The creatiou of a population inversion by preferential filling of
more highly excited bound states in a free-electron capture (recombination)
process has prover attractive to a number of researchers in the short
wavelength laser field. 1In order to better understand the opportunities
and limitations with this scheme, computer modeling is necessary,
since many competing processes are present of both collisional as well
as radiative nature. Therefore, a computer code has been devclopedl
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to solve the atomic physics associated with such a recombining plasma.
The specific intent has been to study the atomic transitions associated
with a plasma which is recombining to form hydrogen-like and helium-
like ions, It is felt that this approach shows extensive promise in
that such a plasma (one which is initially fully ionized) should lase
in the infrared and visible as well as the vacuum-UV and x-ray regions.
This will make initiai testing and diagnostics much simpler (both
because the visible spectrum is easier to diagnose and the time scales
tend to be longer).

The main process considered is the recombination of a fully ionized
plasma via three-body recombination favoring less-bound states,
with subsequent cascading of the electrons. The present study is
for the initial fill-up stage, where electrons combine with bare
nucleil to form hydrogen-like ions which lase for a short time and then
equilibrate with the surrounding free electrons. This system coula
produce a short wavelength laser, but there are three difficulties
identified: firstly, the time scale is short enough that, even if
lasing occurs, detection will be a pichlem; secondly, if such a
system could be maintained for a longer time, higher inversion
densities should result and thus higher gains; finally, plasmas
start out at high temperaturesamd if the system could be cooled (which
in general requires a time long compared to atomic transition times)
then even higher gains may be achieved., Thus some reasonable cooling
scheme needs to be devised. It is well known that plasmas of interest
can be gener.ted (temperature ~ 2-5 eV, electron density ~ 1014 -
1618 em=3). The problem then arises as to how to cool these plasmas
to a temperature such that gain sufficiently large for super-fluorescence
may be cbtained. This is the project of current interest, namely the
long term solution of the rate equations for real experimental conditions
wherein a plasma dvnamic laser may be obtained.

One further point should be mentioned: it has been estimated that
the maximum Z (nuclear charge) which can be utilized, is on the order
of 30. This is determined from requiring the gain to be greater than
unity and setting the maximum density to be that of a sslid

(@ ~ 1 em~1 and AN ~ 1023 cm™3). This implies

4 }_
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which is well within the x-ray region (barring depletion of inversion

by radiative recombination preferentially into lower states as discussed
in the Intreduction above). This means that copper is marginal

(Z = 28) as a lasing medium, but that the K, lines of copper may
eventually provide an x-ray laser. The first effects, howaver, should
be a feasibility study of low Z elements in the longer waveiength
regions where diagnostics are somewhat simpler.
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VI, SUMIARY

This reporting period hes demonstrated a continuing walarlty
in the program as 1njicaches and sprions are narrowed and 1-tuaa
vacuum ultraviolit .. d »-137 measurcmonce on the p.tential iaser
devices increascs ihis trend shon'd “miines duringy the sl ‘six
months as we s mwhit Freece uc punp “ource developmert =ic @ afive
our measuremer: techiniques, both to establish eurrent nvircomental
conditions suct &= temperature and ¢ usity and to assess the ootential
of our approacis 4. this phase. .

The most sign:iticant results chizined during this peri o o
each of the r 3 an ~rea- arc as foil ws,

ELECTRON- 0.1 TE JOMAL PUMPING -

1. The short piise synchronized laser faciliiy wos L
couplite svstem at full power during this period. Varget
experiments were performed both with the G-switcho! puise alore
and with the two-pulse systen., During the present neriod of
plasma diagnostics at the 200 mJ short pulse level. equipmer:
is being assembled for increasing the emergy to 2 i and for
tarzet isolation against back-reflection.

The laser plasma interaction experiments have defired the

plasma size and predominant x-ray emitting zones. Vacuum=UV
spectrs frow 3p - 3s transition have been obtained and spatial
res lution incorporated. Interferometry for mapping the electron
density has been incorporated. Numerical modeling with increased
corplexity indicates continued promising gain for enhanced
electron temperatures.

RESONANT CHARGE TRANSFFR-

3. Space-resolved grazing-incidence spectra have been obtained for
hydrogenic and helium-like carbon ions. Initial spectra with
a helium atmosphere have been obtained also. The debris
problem on the entrance slit has been identified ard essentially
solved. Magnesium target spectra have also been cbtained
which show Mg VIT ions, in support of the 3p - 3s scheme.

NONLINEAR MIXTNG APPROACH-

4, The components have been asscmbled and initial doubling
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experiments have been completed.

5. Problems in synchronization of a 1600 X amplifier have been
identified and laser triggered spark gaps improved. Alternate
amplifier approaches are being investigated, including noble
gas lasers,

THEORY, ANALYSIS, AND MODELING-

6. A general atomic physics progranm for modeling ionic pumping is
progressing in complexity and is yielding promising gains,
initially for 3p - 3s transitions. Its versatility should
make it very useful for future modeling of other promising
approaches involving ionic transitions.

7. The recombination scheme has been analyzed in more detail as
far as the atomic physics of the capture process is concerned
and certain limitations have been better defined.

8. A rather general prognosis analysis has been completed for the
currently most popular schemes, with an assessment of those
approaches capable of extrapolation at the lowest possible
density of amplifying particles and pumping particles (or
photons), to permit flexibility and avoid high density effects
on the gain coefficient. A thorough review of the x-ray laser
research field has also been initiated and is expected to be
completed for publication in the near future,

In brief, this period has seer a gradual shift in major effort
to more measurements and less apparatus development, a trend expected
to continue for the next period. The charge transfer experiment should
yield much data in the next six months and graduate to the larce glass
laser facility for direct laser tests. It is rapidly approaching
a critical proof-of-concept stage. A decision will be forthcor ing
soon on the most promising approach to pucsue in 1600 A amplification
and a concentrated effort in this area can be expected in t!e next period.

Finally, reprints of the important publications and presentation
abstracts are included in the following Appendix, beginning with the
article containing the prognosis survey mentioned above. These re-
present work completed during this period and are included to provide
further details on various portions of the program.
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X-RAY TASER RESEARCH: CUIDELINES ..ND PROGRESS AT NRL* |

by

R. €., ERLOR gad Ry« DIXGN

Naval Reseacii taboratory
‘Washington, b, C, 20375

ABSIRACT

Based upon several genera! schemes currently considered for
achieving significant gain in the - cuum-UV and x-ray regions,
magnitude estimates of the pumping requirements are deduced and
graphed as guidelines for future research. A high density col-
lision limit is also suggested as a function of wavelength, Recent
progress at NRL in numerical modeling and experiments on two
promising scliemes, namely 3p-3s extrapolation from the necar-Uv
and resonance charge transfer pumping for the soft x-ray region,

are described,

INTRODUCT ION
There have been a number of proposals for x-ray laser schemes in the
past few years, aloug with some reports of observed gain as well as evidence

for population inversion. While to date there are no verified claims for direct

amplification at wavelengths shorter than 1000 &, there is continued optimism

*presented at the Thivd Conference on lasers, New York Academy of Sciences,
April 22, 1975 (proceedings to be published).

tSupported in part by the Defense Advanced Research Projects Agency, DARPA
Order 2694.




that o monot mlec adwincement towirds shorter wavelengths with steadily
fmproving pump sroorces is possible. 1t nay well be that the plasma devices
described here will be inteprated with devices based on frequency mulei-
plication schemes (now senching 887 /) to obtain a coherent, awplified, short-
wave length beanm., With & ceomprehensive review urticle in preparat ion, no
attempt a2t completeness is intended here. What is offered are some

peneralized extrapolatious for certain popular pumping schemes that can

alse be treated relative!, conveniently by siwple analytical formulas,

While cach scheme is sufficiently complex to warrant detailed numerica’
modeling, a primary jfuteution heve is to plot a rough course in somewhat
urcertain waters in aopes of avoiding some possible misadventures, while at the
came time perhaps anticipating some needed information for support of the
mostlyv-experimental prog v,  Two particular approaches underway at the

Naval Research FLaboratory will be described as evamples, with emphases on

some current vresults in both nuwerical modeling and experiments,

CENERAL GUIDELINES

Among the numerous proposals for the attainment of net positive gain in
the soft x-ray region, there are least [ive rather basic processes (namely
photoionization, electreu collisional excitation, charge transfer, dielectronic
capture, and reczombination) for which sufficiently simple formulations exist
to attempt a wavelength projection of the necessary pumping conditions.

Since many variables enter and many experimental approaches are possible,

rather bold assumptions must be made. Nevertheless, the results are informative

guidelin2s for reascunable experimenting, and should not be assumed overly

constraining.
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lguoring the rather distant possibility of future development or .. lectivi
resonunce cavities for this wavelength region, net gain is given by exp(al),
where L is the lasing-medium length and the small gain coefficient ¢ for

: : ] 1
amplified spontaneous emission can be written as

(This only includes resonance-absorption beam losses.) Here » is the laser
vavelength, Av the line width in frequency units, and the quantities

Auz «nd ANuz refer to the transition probability and inversion density,
respectively, between the upper and lower laser states designated by the

appropriate subscripts. Doppler broadening, when assumed, requires the

L
8 = (ukn2)® factor. The iuversion density is given by

&y NE
gz Nu

where the g's refer to statistical weights and N0 is the density of the
initial ¢nergy state from which pumping proceeds. Population inversion

occurs when ANu is positive, i.e., when gﬁNu > guNL' It is important to

L
notice that invrrsion can be achieved (and measured) even with low gain
oL, since the magnitude of ANUE is determined by the initial density N0
and the degree of pumping N“/N0 (as well as the medium length L). Also,

No’ Nu’ and Nz do not have to be of the same species, although rapid re-




generation of the initial state must occur®, Assuming that a high degree of

inversion can be obtained by some process, the gain coefficient can be

approximated by

A closely related requirement is the pump irradiance P/a (P the power,

a the irradiated area) necessary, which is given simply by t

LV[A3\) (4)
}

Likewise, the pump power density P/al. is a useful source parameter when the

gain coefficient o is fixed instead of ol. According to Eq. (3), high gain is
achieved at high density and/or a high degree of pumping and in narrow lines, with
the required pump power [Eq. (4)] concentrated in a small volume. A

comparison of various approaches shows that the potential pump source of

greatest lrradiance at present appears to be a focused laser beam,

generating a high density plasma. For example, 10 percent of the power

from a L 1W laser beam line-focused to 400 um over a 1 cm length would produce

“The time dependence of the inversion will not be further discussed here

(see Refs., 1, 2, 7, and 10).

1 ]
2 i.e., for quasi-cw operation, maintainment of No through regeneration

Tf not limited to an equilibration time

A
u

must be provided-for.

tWhere competing transitions (e.g., by collisions) with high depopulation

rates b, also exist, A, is replaced by Auc+DuL in Eq. (4) and P/a is

proportional to Duﬂ/AuL for Dua > Aul' Thus, the pumping requirements can greatly

increase for relatively veak and "metastable" transitions, even if any could be

identified for population inversion.
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P/la -~ 10 ; W/em™ in a plasma mediwn,  (Magnitude significances are discussed

below,) Vaeumn spark discharges can conveniently produce power deusities

g ol
P/ta ~ 1015 W/em 3 however the limited length of the ~100 jm spherical plasma

does not produced a high, direccional, gain factor oL. This simple device is

thus more suitable for population {1 crsiwn experiments uuder local conditions

similar to laser produced plasmas. ['lectron Leams with power cimparable to the

lasers exist, hut the limited focus (~ 00X Inrger than the laser focus) and

tue limited risetimes do not make them as artractive at present. Ton beams

appear attractive for pumping tavgets at near solid densities; however this

approach appears to be limited at present to the vacuum-UV region by state-

of-the-art beam technology.

3ince laser-heated plasmas appear the best candidate at present for

high power pumping, it is appropriate to assume Av to be the Doppler width,

with the possibility of additional density-dependent Scark broadening2 at the

highest densities. Since the Doppler width can be expected to be comparable

2
to the natural width for Jow-Z immershell lines in cold target atoms, due to

the rapid Auger rates prescnt, the ascumption of Doppler broadening is probably

not limited to the plasma approach. With Doppler broadening, Av/v = v/c,

where v is the mean particle velocity. With a typical v ~ 107 cm/sec and

v = ¢/A, the pump power parameters P/aL and P/a scale as N and specific

numbers are shovn in Table 1l for a gain factor ¢=5. This indicates a present

short wavelength limi: of > * 10 & due to pump power limitations. The

value of =5 is cheosen for significant gain over a 1 cm length, which is

likely to be both convenient for a focused high power laser beam and necessary

for a short pulse single transit (L/c ~30 ps), If Nu/No’




which is a measure of puup mtt.usi.ty, is a;.cumed to be givﬂ* bav /A
where R (7\) is the rate of pump:lng evem.s. r.hgn ehc gatu hcm le,aies u; :

uu(k).‘ The pump rate per unit volumn i R raquired far u~5 i: nlyp

talailated iu Valble 1. Since R i is borh density and Hlvelength éepeudgnt,

Ltue remaining goal is Lo express Lhe wavelonath dependen - for varimu P“ﬂ!’
methods and devive the necescary dmsity resuirements, Emessiqg R 'as
Nprou, where }:p is the punp particle {or photon) density and r (o v b

the basic rate coelricient, the gain coelricient dependl on the produc::
;(‘_)::P. A usetul paraunetor (esprcially for nlasmas) emerging from this analvysis
i3 the geowetric mean densite ('NONP)'; it is this quantity that is plotted
in Fig. 1 versus wavelength for the five rat"etlgenetal pumping scﬁemas given
above and for o=5. 7%This parameter is meaningful since both amplification

mecia and pumping sources ultimately face density limits at short wavelengths,

The relations used {or ru 3T listed in Tabie 2, with wavelength expressed

in ﬁngstrum units, For pholtoienization, a prak cross section “Z-z is alomdz
(for Z the target atomic number), multipiied by velocity e, and divided by 100
for ~17 radiation in the rather narrow alisorption hands. For dielectronic

c~pture, the detailed baiancing ["numulariun" is most appropriate at the high

densities involved, and an sutoionization (Avger) rate of IOIA set:'.1 was

. B 2.2 - 7
assuned. For resonance charge transier Ap = z and v = 10 cm/sec

*As discussed in the footnrote to Eq. (4), A“£ becomes Au.cﬂ)ut. for significant

alternate depopulation at a rat . Lu,, as, ¢.g., with weak lasing transitions.
~

1

T > iy LT > .
In such a case, Rou’ r , md (.\oxp) increase as Dui“ut for D.,L > Au.t

ou
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(for plasmas) were assumed. The formulas for excitation and recombination
were derived from a collect ion given in Ref. 5. The conversion to wavelength
scaling was achieved with some cather arbitrary (and optimistic) buc necessary
approximations for shortest wavelengths and a plasma medium. The laser wave-
length was taken from Lyman-« scaliug as po= 1216/z2 in ingstrom units, where
z is the ion charge. The ionization potential was assumed to be 30 percent
higher than the excitation evnergy interval; the latter was also taken to be
3X the plasma electron lemperature and related to wavelength directly by
he/x.

In addition to the geometric mean punping densities, also plotted in
Fig. 1 is the density above which Stark broadening becomes significant and
must be included in the gain Eormulas. Since Stark widths scale approximately
as the density of perturbers, an effect is to cancel one density factor in
the gain formula so that the density requiremeuts for a specific gain factor
rise more rapidly with shorter wavelength. Also,the onset of significant Stark
broadening is associated with strong collisional effects, and indeed a check of
several possible pumping schemes at different wavelengths (including the
3p- 3s numerical modeling described below) verified that the '"Star) line"
in Fig. 1 represents an approximate upper dersity limit above which collisional
statistical equilibrium (without population inversion) eventually dominates.
An inmediate implication which follows from Fig. 1 is that compression to
supra-solid densities in plasmas, such as pinined for laser fusion, will
be advantageous mainly [or hard x-ray lasing, i.e., ) < 10 k. Since 10 A

is a present technological limit, it will probably be a new generation of




high power, sliort pulse lasers with inertial compression that achieves hard
x-ray lasing.

Returning to the discussion of variovus pumping results in Fig. 1, the
mean density requircments for the vacuum-UV region (A 2 100 %) are comparable
within an order of mam cunde for the .ixed gain tactor (=5) assumed, Electron
collisional excitation is favored, and the density at long wavelengths agrees
2 discharge 1nser6 conditions., The mean density derived is extra-

with the H

2 g
polated to values greater than 10 } cm : in anticipation of possible inertial

compression, Photoionization courd coatinue te higher densities as indicated,

2 3 i
with near solid targets.” Collisional (3-body) recombination requires densities
close to trne Stark-collisional region and haz a short wavelength cutoff

21

-3
at ~15 & (for Ne=10 cm ), below which radiative recombination depletes the

inversion by preferential lower state population (see Tuble 2 footnote).

: o N ey : 21 -3 ’
This wavelength "cutofl" coincides with a mean density of ~10 cm ~ which
is also a typical upper value for present laser-produced plasmas.

Resonance charge transfer appears particularly attra.tive for the shorter

wavelengths because of Lhe reduced scaling of mean density and the large

. 22 i 4
absolute cross sectiuns (',no z") projected from beam data at lower degrees

of ionization. ‘1his example shows the general attractiveness of a large-
probability pumping process with an increasing cross section at short wave-
lengths (Table 2). The densiries remain reasonable, with a latitude for
higher gain coefficlents., Wavelengths shorter than 10 K in plasmas will
still depend on future pump sources (Table 1) and proper resonance; must be

.

found in an ion/atom mixing zone, as discussed further below.




The estimates plotted in Fig. 1 aid in introducing a discussion of two
approaches being followed at NRL with both numcrical nodeling and experiments.
For wavelengths longer than 300 A, en attempt is underway to achieve population
inversion and amplification on 3p -3 electron collisionally exciter ion
transitions, similar to those that lare ew in the near-UV region with resonant
cavities, At wavelengths shorter thin 400 ﬁ, th2 resonant charge transfer
effect is studied in an interaction region between an expanding plasma and
a neutral atmosphere. The presently promising zoues are shown by enhanced
lines in Fig. 1. A more detailed description accompanied by recent results

follows.

RECENT PROGRESS AT NRL

lon Laser Extrapolation.

A large number of ions have 3p-»3s transitions on which lasing has been
demonstrated in the ncar-UV spectral region in resonant cavities. Recently,
it was shown analytical y7 with a simple 3-level scheme that this transition
in carbon-like ions could be inverted in a plasma with a sufficient density to
achieve amplification without mirrors in the vacuum-UV region. The possibility
of achieving extended laser intervals in a quasi-cw mode of operation (through
rapid 3s - 2p decay) was presented, although the time limitatious depended on
the particular plasma conditions and especially on the ability to maintain

a high electron temperature for rapid pumping and large inversion. Following

)
this first anlysis, an existing "hot spot" plasma/atomic NRL code was

= 2+
ad:\pted9 to include lasing conditions for the O° ion and the results

supported the previous conclusion, i.e., significant quasi-cw gain was




possible at a density of about 1015 cm-3 witlh a lasing time 10X the upper

stte spontancous decay 1i” timelo. Meanwhile, a versatile program designed

for expansion of states and extrapolation to short wavelengths has been

a seu.bled11 and the first tested on 02+ ions to show agreement with the earlier
hot-spot results. The levels and transitions included at present are shown

in Fig. 2, as are those to be added (dashed). At jresent, cooling of the
preferentially-heated electrons is assumed to occur by collisional equipartition
of energy with cooler ions. Rxpansion, radiative cooling and thermal conductivity
will be added. The latter is expected to be the most limiting as far as the
lasing interval is concerned, bus is also a highly uncertain factor since
condaction to a surrounding coole’ plasma or target in the presence of self-

generated magnetic fields is not predictable at present. This limitation will

thererc~e probably be learned f{rom experiments. Present predictions11 of the gain

factor as a function of deunsity are shiowm in Fig. 3, where the decrease at
high densities is due to collisional mixing leading finally to a statistical
non-inverted 2leciron distribution. At the highest densities, Stark broadening
will also be included.

Au experiment underway to verify these predictions ird aud supporting

LO=18 5 % Ao g :
data is illustrated in Fig. 4. 1In essence, a linearly extended medium
with the desired ion concentration is formed by an expanding plasma, created
initially at a “arget onto which a laser beam is focused with a cylindrical
lens. A second high power, short pulse luser is focused axially into this
plasma to provide rapid and preterential electron heating for population
inversion. The synchromization of these two laser pulses is described else-

11-13 . ; s .

where, 1t is intended that net gai.. w. i1 bz verified experimentally

by orthogonal intensity measurements on the 3,-3s line, after siort puise

pumping in the appropriately desinated spatial zone is accomplisned.




llowever, cvidence for population inversion will first be sought bv relative

3p-3s and 3s-+ 2p line intensity neasurements. A relative intensity (grazing-

incidence) spectrograph calibration over the ~X10 wavelength span involved

will be completed by corresponding nearby 3d> 2y 2nd 3d > 2p lines originating

fiom the same upper level (branching ratio technique), as illustrated in Fig. 5.

Initial space resolved (grazing incidence) spectra of an expanding laser-

produced magnesium plasma ave under study at present to identify the lines from

these transitions.

Resonance: Charge Transfer jn Plasmas

In a schome similar to that proposed by Vinogradov and Sobel'mana, a

large concentration of resonance charge transfer interactions are sought

in the interacting region betweer an expanding laser-heated plasma and a surrounding

neutral gas atmosphere. The energy level structure is shown in Fig. 6 for the

exothermic charge transfer transition into n=3 levels, as an cxample with some

parallelism to the 3p- 3s scheme describad above (in fact, the same modeling

may be extended for this scheme in the future). As shown elsewhere,10 a

simple landau-Zener theory application for s-s transitions can be applied here

and resonances can be expected between hydrogenic and helium-like ionic

species of light elements and hydrogen, helium and ncon atoms, with laser

transitions in the 100-400 } spectral region on 352, 452, and 43

transitions as a start, Urder optimum conditions, gain factors ¢ in the

20-50 cm-1 range arc prcdictcd.lo

An experiment designed to test this approach is shown schematically in

Fig. 7. Space-resolved grazing-incidence spectroscopy is presently used to




I

measure relative line intensities and eventually orthogonal laser line
emission (by rotating ther line-foeusing lens). A 6J, 20 ns ruby laser is
presently being used for preliminary tests, and a microdensitometer traeing

of a typical speetrum obtained with a point foeus is shown in Fig, 8.

The intense lines identified (in seeond order) are associated with resonance-
series transitions in helium-like Ca+(CV) and hydrogenie C5+(CVI) earbon ions,
as indicateu. Recombination emission beginning at the series limits is also
observed. A spatially-resolved spectrum of these lines with limited resolution
was obtained using a 300 ‘m-wide orthogonal slot (as illustrated in Fig. 7)

ard is reproduced in Fig. 9. The lines are seen to originate in the higher
density region near the target surface where Stark broadening dominates and

some self-reversal is observed, indicating a large optieal depth. As the plasma
expands away fvom the surface, the CVI lines fade first, with revcombination g
supporting the CV line intensities. All of the speetral lines are observed

to narrow at inereasing distanees from the target where the charged partiele
density is decreasing. These spectca =re obtained without a baekground

gas. LExamination of the CV lines with 10 tori of helium baekground gas
indieates a narrow (*i 100 /m) reacting zone at about 1.4 mm from the target
surfaee; however, the results are too preliminary to be definitely associated

with a partieular meebar (ocm,
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TABLE 1

Volumetric tumping Requirements for -5

AR 1 10 100 1000 2000
p/al [M-cm ] 10! Tk 1010 10 10°
Ny P 0 T 10°° 1927 102 102

PABLL 2

a
Pumping Rate Coefficient Magnitudes Scaled

Process r
ou

gl ) (cm3 sec
PP

)

-12
Photoionization 10 ; A

- 2
Electron Collisional Nxcitation 10 W A3/
Dieclectronic Capture 1613 l3/2
Ccilisional Recﬂmbinutiunh’L 1613 xS/A
Resonance Charge Trausfer 10-6 X-S/a
aWavelength 4 in Rngstrom units; =5 assumed.

-3
bﬁlcctr(m density NeiN =1021cm A
])
c ) . . =L o=k
Must exceed radiative recombination for which e 10 LREE (5 Y

ks &
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Fig. 1. Mean particle densities (solid lines) versus wavelength for
a gain factor of ¢#5 and for selected pumping mechanisms. Stark broadening
becomes .mportant for large charged particle densities (same scale) in the

region above the dashed line, also a region of approaching collisional equilibrium,

Collisional recombinatisn is plotted for fixed Ne=1021 cm=3 and terminates

at ~15 & due to dominance of radiative recombination to lower levels (see

Table 2 footnote). Heavy line., indicate regions considered promising for present
experiments at NRL (described in text).
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Fig. 3 Gain factor o (cm-l) versus density from numerical model of 3p-3s
transitions in plasmas. The decrease at high densities is due to increased
influence of collisional mixing and finally collisional statistical equilibrium
without population inversion. High temperatures produce increased pumping and
decreased collisional mixing at a particular density.
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" CALIBRATION MEASUREMENT

3d

3?_,.-— -H!’
3s

2p
. Fig. 5 — Transitions involved in determining the population inversion ratio

N3, /N3, from relati /e line intensities, using branching transitions shown from
the 3d level for instrumental calibration

. O,y ~ 10 Ag .
; e 30 '.
1 Fig. 6 — Schematic diagram of exothermic s-s resonance charge transfer reaction
§ leading to population inversion between n=3 and n=2 'evels in certain helium- '
like or hydrogenic ions. Eg is the bincding energy.
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Extension of 3p— 3s lon Lasers into the

Vacuum Ultraviolet Region

R. C. Eiton

The feasibility of extending existing near-ultraviolet ion lasers into the vacuum ultraviolet spectral region
is analyze: with a simplified three-state model. Single-pass amplification ir . laser-produced plasma of
reasonable .ongth, pump power, and rise-tire requirements is predicted, especially for high electron tem-
peratures. The results are intended to serve as a basis and incentive for deta.led numerical modeling and

for experim :nts.

I. Introduction

Lasing in multiply ionized atoms has been demon-
strated in the visible and near-ultraviolet spectral re-
gions with gas discharges in resonant cavities.! It
would he of great interest and importance to trans-
late these results to shorter wavelengths isoelectroni-
cally.” At vacuum ultraviolet (vuv) wavelengths
shorter than 2000 A, conventional cavities hecome in-
efficient, and impractical helow 1600 A. However,
for amplification of, for example, a frequency upcon-
verted coherent vacuum-uv beam,3 a resonant cavity
is not required, provided significant gain car be
achieved in a single photon pass through an inve rted
medium of reasonahle length. Higher inverted state
densities are required for single-pass amplification
and for short wavelengths, with an upper density
limit set by rapid depletion due to charged particle
collisions. Population inversions are often self-ter-
minating in time 28 equilibrium population distribu-
tions are approached, and the required rise time of
the pumping source usually decreases with decreas-
ing wavelength according to increasing transition
probabilities for spontaneous decay. Also, the higher
excitation eaergy in the heavier elements required for
short waveiengths (isoelectric extrapolation) requires
increased particle energies and densities for collision-
al pumping.

With these general guidelines we have attempted
to analyze the scalability to shorter wavelengths.
The highest degrees of ionization in heavy elements
are obtained in high density plasmas, in short bursts,

The author is with the U.S. Naval Research Lahoratory, Wash-
ington, D.C. 20375.
Received 17 June 1974,
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and in small volumes with a limited amount of avail-
able energy. A conceivably practical device, compat-
ible with present technology, would be a linear plas-
ma of about 1 cm in length, with the necessary ions
and particle densities produced from a solid target by
a line-focused laser beam. Longer plasmas may
eventually be ;- >nerated to produce increased overall
gain, or perhaps decreased density for improved effi-
ciency, as more powerful lasers are developed. Long-
er lergths may also become a possibility with axial
heating of gaseous media by long wavelength lasers, a
concept similar to that proposed for fusion plasma
heating.* However, absorption and heating is a func-
tion of the plasma temperature and density, and uni-
form heating with narrow channeling® must first he
proved. Forshort wavelengths and high Z materials,
solid targets are generally more readily available than
gases. It thereforc seems reasonable to model the
present analysis around a transverse irradiated and
vaporized solid target plasma medium.

After expansion the initial plasma would be
pumped axially with a separate short-pulse laser; this
would prefereniielly heat the electrons, which in turn
would produce the inversion by electron-ion colli-
sions. A high electron temperature T, is often ver,
beneficial in producing a high inversion when, as
here, the electron density is limited; also a low ion
temperature reduces the (Doppler) line width and in-
creases the possible gair (sce Eq. (1) below). Thus,
an electron-ion temperature differential is desirable,
and this may he achieved by alluwing the ions to ex-
pand and cool (faster than recombination takes
place) and by heating the electrons in times shorter
than the electron-ion energy equipartition time.

Considering resonance-lin absorption and stimu-
lated emission, the gain in a hamogeneui:s medium of
length L is given by I/ly = exp{(alL), where « is the
gain coetficient®:
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a = [A 7 I 2)) 24y avlN, - (g 1IN 1)

Here, A is the laser wavelength, A the transition
probability, Av the Doppler line width in frequency
units, and g, g, Ny, N; he statistical weights and
population densities for the upper and lower laser
levels, respectively. Photoionization losses are omit-
ted here, since only (K and) /. shell electrons are
present, and the photon energy of the short wave-
length laser lines is insnfficient to remove £, elec-
trons; likewise competition from Auger decay dovs
not exist. Loss of laser photons through scattering
has also been neglected here, A selection of a partic-
ular aL product (unity for threshold, >5 desirable)
determines the minimum length of the medium, since
the other parameters (e.g., density) are tixed or limit-
ed in the medium. Thus, we intend to show that a
practical length of the order of 1 cm is reasonahle for
a particular transition,

Laser transitions batween two states, both with n
= 3 principal quantum number, were chosen for de-
tailed analysis. Electron pumping is assumed to pro-
ceed directly froman = 2 ground state of a particu-
lar ior, througk a nondipole transition (slowly decay-
ing) by electron collisions to a n = 3 state, followed
by lasing through a dipole transition to a lower n = 3
state, after which the electron decays more rapidly to
the n = 2 ground state, (It is not necessary to in-
voke a seemingly less probahle combined ionization-
excitation single-step collisicnal process in the analy-
sis.) Laser transitions from a n = 4 upper state
(pumped fromn =2 toan = 3 lower state would
produce shorter vavelength lines. However, the
proximity ot other n = 4 dipole-decaying states lim.
its the maximum electron (and ion) density to too
low a value to give reasonahle laser lengths. Also, n
=3 ton = 2 ransitions in helium like ions, pumped
from tae 1s” ground state, were considered; however,
the large 15— 3s energy gap severely limits the ecl-
lisional excitation rates (see Eq. (5)) and therefore
the available inversion density and the minimum
laser length obtainable. (Note that this 3—+2 lager
scheme may prove practical when puiaped fros
ahove by rapid downward cascading following elec-
tron capture.)

Pumping intoan =3 upper laser state that is not
dipole-coupled to n = 2 levels is one necessary condi-
tion for mzintaining a large population density, since
Spontaneous depopulaticn of this state is limited to
the An = 0 laser transition with a relatively low rate.
Conversely, the lower laser state population is kept
low by a high n = 39 dipol:: depopulation rate.
The collisional transition for nopulating the upper
laser state can be monopole; e.g., 2p +3p (2p—3s is
not followed by 3--3 dipole decay). Quadrupole
2s -+ 3d excitation is also conceivable. However, in
the tvo instances where this might be particularly
important, namely, the lithiumlike and berylliumlike
(singlet) ground state ions, an inverted population
will not be ohtained, since t}~ pumped 3d upper
laser state has a shorter lifetime than the lower laser
state due to a low-lying 2p state.
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Lasing following monaopole 2p — 3;5 excitation has
heen observed in ions helonging to the beryllium
(triplet system) through the fluorine itoelectronic se-
quences.! For a particular element (tueh as oxvgen
for which data are available), the tr -d is towards
shorter wavelengths (and correspondingly lower
gains) for the more highly ionized species (Be like).
Also, pumping by collisional excitation becomes more
difficult for the larger 2-+3 energy gap in the highly
s'=ipped ions. It is also desirable to have a large en-
ergy separation hetween the upper lasing state and
any nearhy states that are dipole-coupled to the
grouc state, in order to reduce collisional-radiative
depopulation: hess the horon- and carhonlike ions
are slightly fav ‘red.

I Anaysis

While ohservations of lasing in multiply ionized
atoms have heen reported,! no similar attempt
towards analysis of the mechanisms and limitations
has been found in the literature. The present three-
state analysis for carbon-like jons is intended to serve
as a guide and stimulus for a more sophisticated and
completc - .ie-dependent numerical anelysis (pres-
ently underway). Pumping is assumed ‘o take place
ina2p?3p — 9p3p 3p monopole (At = 0) transi-
tion, iollowed hy lasing in a 2p3p ) — 2p3s 9P dij-
pcle transition, with the final state rapicly decaying
by a dipole transition to the 2p2 3P ground state.
Lasing from a 2p3p 38 upper term is also possible.
Two-electron radiative- Auger decay to a 2s2p? con-
figuration is expected to have a negligible effect.’
Along the isoelectronic sequence, data are generally
available up to neon.’-11 Beyond that, wavelengths
are scaled'2as z~!, v.here 2 is tha charge seen by the
active electron (z ~ 1 = jon charge). The oscillator
strength for the lsser transition is extrapolated ac-
cording toa Z-1-* ¢mpirical best fit (Z is the nuclear
charge of the ion), ai:d the associated laser transition
probability is deduced? from A « f/A% The equilib-
rium kinetic ¢ mperature of the plasma in which the
ions are proc uced is taken as kT ~ V.25x, 3, where
Xz -2 is the ionization potential of the next lower ion
state. For estimating the excitation rate, and conse-
quently the inversion density, it is assumed that the
moropole excitation rate is approximately equal to a
corresponding dipole rate. This assumption is sup-
ported by experimental and theoretical results!3 on
plasma ions and is further discussed t .ow for the
high electron temperature situation. For this, the
2p? 3P — 2p3d 3D allowed transition was used and
the oscillator strength was extrapolated empirically
to unity with higher Z. This cscillator strength, as
well as the n = 2-3 energy difference AE;;, are re-
quired in the approximation used for calculiiting the
excitation rate in Eq. (5) for An = 0 trs nisitions.
The energy difference AE. ;3 was estimate: Luiougl.
extrapolation hy keeping the ratio AE/x cou. -ant
along the izoelectronic sequence.

In evaluating the collisional mixing rate between
the upper laser state and a nearby state that "as a
short lifetime for dipole decay to the ground stauo,
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Fig. 1. Minimum leiipth L, for amplification in carbonlike ions

with gain explal ) vs atomic number Z, wavelength A, and lemper-

ature, where the electron (kT.) and ion (kT temperatures arc as-
sumed equal.  Maximum electron density (N,) ... is also shown

the lower laser state was chosen, since—for the cai
bon sequence at least—it was \lose and thereby had a
typical overlap. (In carbonlike ions there are six
clustered . = 3 states that should he properly can-
sidered in a . ~ore scphisticated collisional analysis.)
The ele~* -, collisional mixing rate C, at an electron
temperature T, and density N, is best estiinated for
An =0,! =1 — [ = 0 transitions from twice the line
width given by the portion of Eq. (526) of Ref. 14,
which pertains to ! -= ! — | transitions:

C, = 8aNCEm/ak T2/ Vit — 1721 + 1)}
x {5 - (4.5/2) + £ + kT x,alz = DI}, (@)

wheren =3,1 = 1, and where ¢ = (z = 1) ¢2 w/me,?
from Eq. (515) of the same reference. Here, xy is
the ionization potential of hydrogen and w is the laser
angular frequency. The ratio C,/N, has heen ‘ahu-
lated'*for T, = T,

The ion collisional mixing rate C; has also been
evaluated hy Eqs. (617) and (518) of Ref. 14 (with the
former multiplied by the square of the ion charge (z
— 1)2 for ions heavier than protons):

¢, = [an?/@1 + 1)] ;\ﬂn/mz)zl.‘\l,:"(z - Dz - 1)?
x (M,’kr,)[l(n’ - P % ex‘p(—% .w:-’/x-r,)], (3)

where

v = {6alz = 1)etwkT /AP)/Y, (4)

Here, M is the ion mass, i .he ion temperature, and
N./(z = 1) is used for ih. ion density. ‘The parame-
ter C,/N, has also been tahulated'® and is found to
range from about five to two orders of magnitude less
than C,/N. for the neon to molybdenum ions, respec-
tively.

The maxiinum electron density is detcrmined by
setting the collisioual nixing raie equal to the spon-
taneous emission probahility A 53 for the laser transi-
tion. Then, (N,) mex *= A33/(C.N.), for C; « C..
This density upper limit has heen tabulated!® and is
plotted in Figs. 1 and 2. The maximum electron
densities shown are quite consistent with those avail-
able in an expanding and cooling laser-produced
plasma.

If the upper and lower laser terms are assumed ta
he populated by electron collisions from the n = 2
ground state (density = N,) only (see Introduction).
final coronal equilibrium values, given in a first ap-
proximation by N,(C21/Ay2), are reached in a char-
acteristic e-folding time of ~A35,-'. This time is
much shorter for the lower laser level than for the
upper, and the lower level reaches a much lower equi-
librium concertration more rapidiy. The collisional
excitation rate Cq; is calculated with the etfective
Gaunt factor approximatisn in the convenient
form!6;

B — 0 - B0 — T, ) — — 1] ==
R e T —
. TR A LN

Fig. 2. Minimum length L ,, for amplification in carbonlike ions

with gain exp(al ) vs atomic number Z, wavclength A, and jon ki-

netic temperature RT;. Tha electronic kinetic temperature k7, is

assumed equal to 10 kT, and is plotted. Maximum electron densi-
ty (N,) m- is also shown.
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18 1070 expl A6, AT/ AL, (RT, )12
x N, sec!, (5)

for M55 and BT, in eV and where 2 is the average
Gaunt factor (=0.2). By setting N, =~ N,/(z = 1),
the upper laser state density inay he calcwated and is
found to be = 10 "N,

A question remains as to how long i n inversion is
maintained; i.e.,, what equilibrium pop ilation distri-
bution is reached and in what tiine interval? At first
glance it appears poasihle that inversion can be sus.
tained for an indefinite period. Clearly, a detailed
time dependent nunierical rate equation an. lysis is
needed, including as many effects from other levels
{such as cascading) as possible. This refir-ment is
now nnderway.

t. Resuits

1t is now possible to estimate the minimum length
necessary to achieve a particular gain product ~L.
For Doppler line hroadening (Stark broadening is es-
timated froin 0.5C,., and found to he negligible), this
length is given for large inversion by®

L o (8maL/ Ay N2 W2mkT /a2, (6)

This is plotted as L ;. vs elenient, temperature, and
wavelength in Fig. 1 ‘or o/, = 1 and 5, and for T, =
Ti. 'The analysis ‘s zarried up to molybdenum (Z =
42), which is the heaviest element for which high
stares of jonization have been reported.!” It is seen
that the parameters involved scale with Z such that
L min 1s approximately constant for elements heavier
than Z=17 and never hecomes less than 10 cm,
which i somewhat long for laser-produced plasmas.
However, for neon, the length is ¢ ‘nsistent with 1-m
cavity discharge experiments, since «l =~ 1.5% is suf-
fici nt.

Since it is hoped that the ions may cool in expan-
sion and that subsequently the electrons may he
heated preferentially, it is of great interest to observe
the effect here. Neglecting the logarithmic term in
1q. (2), C./N, scales as T~ "2 so that (N.) may in-
creases as T.1/2  Also, itom Eq. (5), C2.4/N scales as
(8/T.V?) exp(— AE23/kT,). as does N,/N,2.
Therefore, N, = VT, exp (--AE,3/kT,), and L«
(TUTe)V? exp(AEa/kT,). The advantage in al-
lowing che ions to coot {while N, decreases to the
maximum va.ue allowed) is indicated here, although
the dependence upon T, is much weaker than on T.,
particularly for kT, < AFEq,. In Fig. 2, the ion tem-
perature is maintained at the equilihrium value ac-
simed above (i.e.. 0.25 x, _|) and T, is taker as 10T
The effect is to reduce Ly, helow unity for thresh.
old gain and as low as 1.7 em for oL = 5. This indi-
cates the dramatic effect of increased pumping at
higher electron temperatures. The L ,,;, curves in
Fig. 2 are to be shifted downward according to v'T,
for significant cooling with frozen-in ions. Just
which ions will be most useful (i.e., the carbonlike se-
quence analyzed here or another sequence) will prob-
ahly be determined by experiments (presently under-
way!8),
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There are two concerns that wacrant further con-
sideration for high electron teinpzratures. One is the
depopulation of the laser states by electron collisions,
the net resul® being a possihle increase in gain length
over that est mated above. An estimate!® for ioniza-
tiou from the n =3 states indicates that inl all cases
the rate is murh less than the dominant collisional
mixing rate C,. used ahove. A second concern at hign
electron temperatures involves the assumption, made
above, that the nondipole-transition collisional
pumping rate is approximately equal to that of a cor-
r-:ponding dipole transition; i.e., for atoms, at least,
tae cross section for the former decreases maore rapid-
ly at high electron energy (high T.) than does the
cross section for dipole transitions. For the present
T. = T; analysis, kRT./AE ., < 1, a~d for the T,/T,
= 10 analysis, kT/AE .3 increases from approximate-
ly 3 for neon to 5 for molybdenum. From existing
experimental and theoretical data!™!? for multiply
ionized atoms, there is no evidence that the n =2
nondipole rates will be significantly less than the cor
responding dipole rates for 8T,/ AE 5 up to 5. ur-
thermore, da.a exist?® for n=3-+3 transitions with
kT./AE 43 varying from 4 to 15, which also shows no
significant deterioration in the relative nondipole
rates (although the absolute value of the cross section
is reduced below that for dipole transitions in this
case). Data o relative nondipole excitation rates at
high electron teinperatures are important, not only to
the present analysis, but to other short wavelength
ion laser approaches®! that depend directly on a weak
monopole excitation rate for the lower laser level at
anomalously high electron energies in plasmas.

The required internal pump power density can be
found from N,C33AE 3, assuming N, = N,/(z -
1). With a volume determined hy :he product of the
cross-sectional area a and the length L, and assum-
ing a fractior.al absorption of L/L .. a'ung with a
total energy conversion efficiency of n, the axial
pumping laser irradiance P/a that s required is
given by

Pla = N,C3dEa L /2 = 1), (7)

Here, L .1 is the classical inverse-hremsstrahlung ab-
sorption length, g.ven by*

Lye = 5% 101727/ N2 — 1) cm (¢

for densities much less than the critical value (102!
em™ for A = 1.06 um radiation) at the piasma fre-
quency. Here, T, is in eV, X\ is in cm, and N, is in
cm~3, Then,

Ma = (2 x 1 V) T,f expl—aEy/kT,) "2 — 1)n)
Wem?, (9)

with Eq. (5). Within the present approximations.
P/a is therefore indenendent of density and medium
length.
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Numeri:al results indicate, for an estimated total
conversion efficiency of 1%, a required irradiance up
to approximately 10 W/cm? for the ions indicated
in the figures, and for 7, = 10T, This may he ob-
tained with a 0.1-J, 10-psec laser focused to a 100-um
diam. The 1% efficiency estimate is arrived at by as-
stiming 10% for laser heating and 10% for excitation
of the particular upper configuration, in competition
both with other excitation modes and with ionization
(ionization from the n = 2 orbit proceeds at a rate'®
comparahle to that for excitation to n = 3 levels for
the enhanced election temperature case).

iV. Discussion

The experimental scheme proposed above involves
the transverse generation and suhsequent expansion
of a cylindrical plasma and the additional heating
and pumping by an axial laser heam. A Maxwellian
electron distribution has implicitly been assumed in
the analysis. The electron equilihration time scales
as N, !T.%? and reaches the nanosecond range for
the high electron temperature cases, which is compa-
rable both to the upper laser state lifetimes and the
collisional excitation times. Electron-ion equiparti-
tion times are, however, still much longer, so that
high T./T, ratios may be maintained. A more so-
phisticated analysis will either have tc account for
this relatively slow electron equilibration or depend
upon electron heating at higher densities with an as-
sociated risk of excessive cooling during the ensuing
expansion phase. The latter approach would not re-
quire additional pump irradiance, according to the
present analysis; however, a complicated dynamic
numerical plasma model would he required for analy-
sis. Experiments will undoubtedly he done wtih var-
ious heating times.

V. Summary

The present three-state analysis indicates that it is
promising to extrapolate successful near-ultraviolet
ion laser transitions into the vacuum-uv region for
amplification, by using expanding laser-produced cy-
lindrical plasma as an initial medium that is subse-
quently pulse-heated axialiv with available lasers to
increase the electron temperature {or efficient pump-
ing. The particular ion species that are generated
and maintained in a frozen-in state will he identified
in experiments. The added effects of other levels, as
well as the true time dependence of the gain, will
hopefully evolve from a numerical model presently
under developm :nt. Such modeling of increasing so-
phistication wiil require more refined extrapolation
methods and more hasic data, particularly as it pro-
ceeds to higher Z elements.

The autho is grateful to H. R. Griem for helpful
suggestions tov.ards evaluating the collisional rates
involver here. Valuable discussions with his col-
league R. A. Andrews are also recalled with apprecia-
tion.
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Characteristics of the x-ray emission produced by focusing

" W/cmz on magnesium metz’ cargets

a 0.5 GW laser to about 10
were measured. Approximately 0.01% of the incident laser energy
of 10 J was emitted in a 11 nsec (FWHM) pulse of x-rays with

photon energy in the range 1.3 -1.8 keV,
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INTRODUCTION
Reliable, easy-to-maintain lasers with powers up to
about 1 GW are becoming increasingly available, When focused, such

1
o 10 12 wa.tts/cm2 range,

lasers produce power densities in the 10
Plasmas produced from solid targets irradiated with such power

densities typicaily have pezk electron temperatures near 100 eV {~ 106 K).
Thus they are convenient laboratory sources of vacuum ultraviolet and
soft x-radiation. There areAnumbar of plasma light sources, for example,
6 -pinch machines)Which are capable of producing plasmas of hotter than
106 K. Such plasmas are large in volume but the electron density is
smaller by many orders of magnitude than the density of laser-produced
plasmas. In addition, the low-density plusma machines use gases for
heating and therefore are limited to e]emenf::which occur in gascs or can
be made 'n convenient gaseous compounds. Advantages of laser-plasmas
over discharge sources (including vacuum and sliding sparks) are:

(a) spectra of all elements can be excited, (b) the spectra are relatively
free of impurity lines, (c) the number of ionization'stages contributing

to a spectrum is small and somewhat controllable, and (d) size of the
radiating plasma is small enough so that entrance slits may be eliminated
for x-ray spectroscopy in some cases. Hence laser-plasmas are useful
to generate data for interpretation of spectra from other sources. Their
radiation is also convenient for testing and calibra‘ion of spectrographs
and detectors,

The physics and diagnostics of high temperature laser pli:smas are

presently receiving intense study. Central problems include coupling of

)
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laser energy into the target plasma, and the division of that energy into

‘hermal conduction losses, plasma expansion and radiation. Plasma
temperatures and densities are desired as a function of laser pulse,
focusing and target parameters. In this regard, several studies at
laser powers similar to those in this work have already been made. In
particular, Stumpfel et al.1 used a grazing-incidence monochromator to

do time-dependent studies of radiation down to 35 A from Mg plasmas

generated by a 0.5 GW laser. They found ioniza'ion stages through Mg
X and suggested that He .like Mg XI ions should exist in plasmas produced

by few-joule, ~ 20 nsec luser pulses. Recently, Peacock ct al.z made a

spectroscopic study of the satellite lines near the resonance lines of He-
like Mg ions in plasmas produced using a Nd-laser at about 1 GW.
Donaldson et al:.5 did a comprehensive study of lighter-atom plasmas

which were generated with laser powers up to 2 GW,

In this work,4 we investigated several characteristics of the plasma

x-ray emission produced by focusing a 0.5 GW (18 nsec FWHM) ruby laser
beam (0.69 pm) onto My -targets, namely the x-ray yield as a function of

the 'ens-target distance, the time histories and correlation between laser

and x-ray signals, the x-ray conversion efficiency, x-ray pinhole photographs
and the x-ray spectrum in 7 % -10 ! region. Non-uniformity of the laser
power distribution is evidenced by post-shct microscopy of the targets.
Comparisons of the present results with x-r:y emission produced by 1 nsec

Nd laser pulses (1,06 pm) of similar energy are made.

EXPERIMENTAL ARRANGEMENT
The experimental arrangement is shown ~chematically in Fig. 1. A

Korad K2 ruby laser system consisting of a Q-switched oscillator produced
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pulses with energies up to 10 J. The beam divergence was 8 mrad.

A beam vplitter and an S-1 response photo-diode were used to monitor
the laser pulse signal shape and the power. The laser beam ‘3.5 cm
in diameter) was focused by a 5§ cm diameter, 20 cm focal length lens,
which was mounted on a micrometer trarslation stage outside of a
vacuum window. Flat Mg-targets, polished with abrasive paper, were

placed at 45 degrees to the mc1dent beam m a3xlo. % torr vacuum. A

fa

(lb llg '\.C‘V\r\ e "'OJI 5 n\a'l,'w\g{’_,)
silicon p-i-n x~-ray detector locat é at a.bout 60 degrees t6 the beam/end

10 cm from the focus, and covered with a light-tight 25 j;m beryllium

window, was used to monitor x-ray pulses. Prior to emplacement of

the spectrometer shown in_:ig. 1, an x ray carpera with a 25 g m pinhole
awd. 45 do EABAC o the terqet movmat.

2 cm from the focus viewed the plasra 90 degrees to the beam/l\ It yielded

2X magmﬁcatxon. The smﬂple slitless x-ray spectrometer at 90 degrees to the

onA 43 -Iv%0) T v vanm o
lase - beam c(r—::sted of a fla‘t‘/ﬁ%ldmm acid phthalate (RAP) crystal (2d
spacing: 26. 121 A) with its center 4 cm from the plasma. Kodak No-Screen

x-ray film behind 12 pm beryllium foil 6 ¢m from the crystal center

recorded the spectrum,

EXPERIMENTAL RESULTS

In order to provide as much plasma x-radiation as possible, the effect
of laser beam focusing on the x-ray yield was examined by varying the lens-
target spacing, The result is shown in Fig. 2 where the relative X-ray
intensity as measured with the p-i-n detector is given as a function of lens
d splacement near tre focal point. The measurements were taken by both
incrcasing and decrcasing the lens-targzet distance., L. doing the "through

focus' —easurements, we found the laser power znd xX-ray intensity both
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reproducible froin shot to shot to within + 10%.

The curve obtained here

has a single, roughly symmetrical peak in constrast to recent work5 using

deuterium targets where the soft x-ray inten-ity vs. target position for

3 rsec, 10 GW pulses was found to have two peaks. As can be seen in

Fig. 2, the x-ray intensity is not highly sensitive to the focus ing within

1 0.5 mm of the optimum point. However, the X-ray s‘gnal shows a rapid

decrease to both sides of the peak, The half-width (~ 2 mm) of the profile

is considerably narrower than that expected from the beam dive rgence of

the presert laser-lens System. This apparent discrepancy can be ration-

alized if one azsumes that most of the x-radiation detected originates from
much smaller areas - hot Spots - within the focal region. This assumption

is consistant with the target damage which will be described below, Algnpily,

Li_ttle X-ray emission was detected when the re was no hot spot mark within

a focal crater. Another reason for the narrower Profile may be the existence

of a power density threshold which must be exceeded to produce measurable

X-ray intensity.

The p-i-n detector, cables, and Tektronix 7904 oscilloscope have a

combined rise time of about 2 nsec. Hence, the p-i-n detector signal

approximated the time history of the X-ray emission. The X-ray pulse,

and the laser pulse as measured with the photodiode, are shown in Fig. 3,

The FWHM of the x‘-ray emission is much harrower (~ 11 nsec) than that

of the laser pulse. This result is consistent with the absence of x-ray

emission until laser light intensity reaches a certain threshold as mentioned
Ind in bevst ke 6

above. For lasers with 1 ngec pulses/lgreater than 1 GW"™ and 5 nsec, 4 GW

pulses, ? the x-ray pulse width is apprcximately equal to the Jaser pulse width

’

in contrast to “he results shown in Fig. 3. The time corr~lation between the
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laser and x-ray signals was made by feeding a commo.'high frequency
sinusoidal signal to the Z-axis (intensity) terminal of two oscilloscopes.
The two signals peaked sirmmultaneously to within 3 nsec.

The approximate x-ray conversion efficiency was obtained from the
p-i-n signal using the detector sensitivity calculated from the manufacturer's

ande te kncrown Be wnndiews Huckneos -
specificationSA Assuming isotropic emission into 47, the efficiency for
conversion of the 6943 A laser light to x-ray line radiation near 9 5, (see
below) was 0.007%. This :x-ray conversion efficiency is much smaller
than that obt: ired with laser pulses of about ! nsec where more than 1% %, 9
of the incident energy can be converted into x-rays with energies greater
than 1 keV. The total energy in the radiation was 7 % 103 ergs compared
to 107 ergs of x-rays from a 1 nsec, 10 J (10 GW) laser pulse.9

Nevertheless, the x-ray intensity was enough to obtain x-ray photographs
of the plasma through a 25 um pinhole with a single exposure on Kodak No-
Screen film behinc a 12 um Be window. An example is shown in Fig. 4.
The time-integrated image consists of a more intense region which is
elongated along the direction of the incident laser beam and the less intense,
apparently more tenuous, radially-expanding plasma, The elongated hot
region probably results from interaction of the beam with the expanding
plasma during the relatively Jong pulce. Pinhole ¥-ray pictures from plasmas

produced by short (< 1 nsec) laser pulses are more symmetrical,

The x-ray spectrum from the Mg-plasmas was obtained in order to know
what ionization stage§ can be achieved with such a low power laser. Fig. 5
(top) shows a microdensitometer scan of an x-ray spectrum obtained in a
25 shot exposure, The ions and transitions labeled in the figure were

-

identified using tabulated wavelengths for Mg-ion radiation. - Three
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N =t

transitions (np—1ls, n=2, 3, and 4) in two ionization states, Ils-like

=]

Mg XIand Li-like Mg X, make up most of the spectruin. Free-to-bound
Mg XI recombination radiation appears at the short-wavelength end of

the spectrum. One of the weak pco's to tne short wavelength side of ‘

the Mg XI lsz-ISZp line is ascribed to a transition in doubly-excited

Mg XI. The weak lines on the longer wavelength side of Mg X 1522!,

- 1s222p lines, may be from Zn9 which was found by optical spectrographic
analysis to be present in the target material at the 0.2% level, Relativelv
strong Zn-Lu emission from a low-level contamination of a Henke tube
system was also reported previously, 2 The spectrum produced by the
ruby laser is compared with the Mg-spectrum obtained from a MgO

target with a 0.9 nsec, 2.2 GW glass laser (shown in lower part of Fig. 5).
Rather broader lines in the former spectrum are due to the multiple ex-
posure {luring which plasma position might have changed from shot to shot)
and al-o due to the large plasma size produced by the present laser. The
B -tike Mg Lyman « line, one of the prominent features in the spectrum

produced by the higher-power iNd laser, is absent in the spectrum obtained

with the 18 nsec, 0.5 GW laser.

The approximate peak tenperature of the Mg plasmu might have been determnined
from the ratio of the 18-2p lines from H- and He-like ions by use of a coronal
model. W However, the absence of the lpman o line only allows an upper limit of
300 eV to be set on the effective plasma tenperature. The spectrum in figure 5
(top) shows that the average ionization stage is between 9 and '0. Accerding to
a coronal mcdsL‘S, this jmplies an electron temperatvr: near 80 eV. In a separate
stud;,'16 of the dependouce of x-ray emission on the atomic mmmber of ‘the target,
which was done with the same laser used fo. *this work, temperatures of about 70
e¢’f were found. These can de compared with temperatures near 750 oV which are

produced by focusing 0.9 nse:, 7 J pulses (~2 x 10" W/en?) on AL i
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It is generally difficult to measure the exact size of the focal spot
which is needed for the determination of the average laser power density
at the target. Furthermore, the laser intensity is usually not uniform
over beamn diameter. The focus may contain hot spots hich are the pre-
dominant x-ray sources, as mentioned earlier. Inorder to examine this
possibility, the target craters produged by a single shot were observed
with a scanning electron microscopel.{v) Fig. 6 is a typical crater which
shows the effects of nonuniinrm power density within a focal spot, i.e.,
relatively deep areas due to higher-than-average power density within
the larger crater. The diameter of the overall crater is about 1. 5 mm
whereas the hot spot measures about 150 to 2060 um. The focal pattern
is believed to be caused by the extremely ronuniform laser beam as wit-
nessed by burn patierns of annular or horse-shoe shapes. Since the beam
energy is livided into the larger crater and the hot spots, an upper limit of

the beam power density at the hot spot is estimated to be roughly 1012 watt/cmz.

DISCUSSION AND SUMMARY

Some characteristics of the Mg-plasma x-ray emission produced by focusing
an 18 nsec, 0.5 GW ruby laser beam onto magnesium slab targets hat e beaen
described. The unexpectedly strong dependence ofthe x-ray emission on the
lens-target distance is believed to be cue to most x-radiation originating at
hot spots. Resulis of the focal hot spots are actually observed in photographs
taken with a scanring electron microscope. Determination of the pcewer density
of the laser beam therefore requires care since the power concentration at

the hot spots is higher than the rest of the crater area.
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The rather low isnagqorvmsgaion. eff1c1e$ obtained in this experimet .
= y P

15 thought to be caused by the following: (a) the existence of - threshold

laser energy below which no significant x-radiation is emitted, i.e., the

s-ray pulse width is much narrower than the laser pulse width (see Fig. 3),

(o) some fraction of the beam energy is lost in the focal spot other than the

hot spots, and (c) the electron temperature is not \:igh enough to give in-

tense x-rays such as the series of line radiation and the continuum associated

with the H-like Mg XII ‘ons. The x-ray time history, the pinhole x-ray

photographs, the target darmnage, and the spectrum are 2ll consistent with

this picture.

The electron temperature of the My-plasma is estimated in this work
c\r"’j

(3% E,wa.vwxo» Bo

to be lpads The lower temp=rature obtained with the present

laser compared to that of 1 nsec Nd-laser of comparable energy can be

understood at least qualdati rely irom a power law relationship3 between

the termperature and the laser beam power density.

Regardless of the lower x-ray conversior. efficiency compared to
sophisticated, expensive and hard-to-maintain lasers of 10 to 100 GW, the
present results indicate that a small, low power laser (< 0,5 GW) produces
l plasmas which emit enough soft x-rays to be useful as laboratory light source

fcr spectroscopy, for calibration of x-ray detectors and for radiography of

l hig'i speed phenomena,
[ ]
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FIGURE CAPTIONS

Schematic diagram of experimertal arrangement.

Alatve
X-ray signal measured with p-i-n detector vs. lens displacement.
Time histories and correlation between laser and x-ray pulses.
The peak alignmen. is uncertain to + 1.5 nsec.
Densitometer scan of x-ray phot-granh taken with 25 ym pinhole,
showing density contours. Outer contour extends 1 mm from the
target surface which is indicated by the dashed line.
Mg spectrum taken with 0.5 GW ruby laser in 25 shots cor. ‘ared
with spectrum produced by a sirgle 2.2 GW shot of a Nd:gizss laser.

Scanning electron micrographs of the Mg target. Top: Overall

oblique view of the focal area showing two deep craters due to hot

spots. Center: View cown into the larger of the two craters which

is approximately 175 pm in diameter. DBottom: Enlargement of the

region between the two craters,
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ARSTRACT

We outline a thaory of the nonlinear susceptibility of Cs at
1.06/:, and present the first measurement of the negative nonlinear
refractive index n, respor.sible for the self defocusing that is
observed., For linearly polarized light, the theoretical value of

n, 1s -1.93 X IO-BON, in goed agreement with our measured value

BON. The main portion comes from a two-photon

of =(1.4 + .2) X 107
vesonance betueen the 6s and 7s levels. An additional negative term

arises from induced population changes between 6s and 6p. By comparinj,

the measured valirzs of n for linearly and circularly polarized light,
30N,

;e obtained the two photon contribution Moo =~ (1.2 + 0.2) X 30
in good agreement with the theoretical value of - 1.55 X 10:30N. In our
experimants, where the (35 psec) pulses are shorter than the 6s-6p
inverse linewidth, the nonlinear susceptibility depends primarily on

the instantaneous intensity; however, with longer puires, one obtains
additional contributions proportional te time integrals over the
intensity. Since the useful output power from large Nd laser

systems is limited by self focusirg du: to the laser glass, our

results suggest the possibility of increasing this power by using

Cs vapor for compensationm.




I, INTRODUCTION

SO
In recent years, a nunber of authors have observed self-focusing,

4 5,6 3
seli-defocusing, and other nonlinear dispersive effects™’ due to the elect=-oni:

no~linear susceptibility in atomic vapors. These effects have been attributad

tc intensity dependent population changes associated with single-photon
resonances in a two-level system. Recently, we reported the observation of
self-defocusing of mode locked pulses at 1.06i in cesium vapor,7 and attribuczad
it primarily to a two-photon resonance between the 6s and 7s levels. Since tha
useful output power from large Nd laser systems is ordinarily limited by

self focusing in the laser glass, observation of self defocusing at 1.06j
rzises the possibility of increasing this power by using Cs vapor for
cozpensation.

In this paper, we outline a complete theory of the nonlinear dispersior,

aZ present the first measurement of the negative nonlinear refractive inde::
n: responsible for the seli-defocusing. We show that, in general, the
nonlinear change in refractive index bnNL(t) can be expressed as the sum of 2n
instantaneous intensity depandent contribution, plus terms involving time-
integrated intensities. TFor linearly polarized light at 1.06u, the
instantaneous portion arises primarily from the two photon resonance, while

the integral terms arise entirely from redistribution of population in the firs:
excited state. Under the conditions in our experiment, the instentaneous

tera is predoninant, and the measurements are in good quantitative agreement

with the two photon resonance interpretation.




|

THEORY

-

The lowest order nonlinaar refractive properties of an isotropic

=24iun can be found from the polarization
Ty T (3)
Pz (t) N § Uus p“s (t)

irduced by the optical field

wt +iwt

E,(6) = 5 E@,t) e 4280 e

Here, N is the atomic density, “ch = e z are the atomic dipole matrix

ga
(3) (t) are the di hicd
. corresponding thic

order density matrix elements, and £(w,t) = [é’(-m,t)]* is the slowly varying

elemants between states |ud and [3) , p

optical field amplitude. The density matrix elements are obtained by

solving the Boltzmann equations

5 (6 ==(1/n) [Ho,p(“’ (c)] - () [V(t).p(““l’(c)] » ;6(“) “’in’ &)

.,
0o

for n =1, 2, 3, subject to the condition p Here,

H, =;flmao le>¢el, v(t) = - 3_% B() wy lCBl, @)

|
|
|
|
's
|
%
i

|0> is the ground state, ‘hmao is the energy difference Gu E CO between

}3) and |0), and 6(n) (t) " describes the atomic relaxation. If we write

@ (3) 3
2.3 () in terms of its slowly varying amplitudes 948 (w,t) = [oau(-m,t)]*,

pa(f?)(t) = % oc(lg) (w,t) e—imt + -;— o(:;(—m,t) “43 e + 3rd harmonic terms, (5)




e —— T T

TR e s IS e o ome v

thor the nonlinecar contribution to the rcefractive index is

nNL(t) = 25 N gﬁ% e q uéBQ(m,L)Ag(m,t) . (6)

é
The number of matrix elewments contributing to the solution of equations
(3) can be reduced by exanining the lower lying energy levels of Cs, shown
'-l
in ig. 1. Around 1.06 u. 5nN (t) is determined almost entitely by the
[6s> =]0>, |6p> = |1) and 78D = |2) levels. 'This is due partly to the nearby

oné and twd photon resonances with 6p and 7s, respectively, (i.e., w - w,

10
IJZC - 2m| << w) and partly to the large 6s - 6p and 6p - 7s oscillator
streagths.  To a good approximation, therefore, one can ignore all other
levels and all nonresonant contributions to &\NL(t). We also make the
following additional simplifications: (1) the LS splitting of the 6p level

is dignored; (1i) all lonnitudinal relaxation processes, except for collisicn-
indieced transitions among the 6p sublevels are neglected; and (iii) the atomic
and laser linewidths ave neglected in comparison to the detuning frequencies
mlC - © and |m20 - 2m|. Assumption (i) is reasonable around 1.064 yu, where
(“10 - w)/2wc = 2149 cm-l and the L-S splitting is only 544 cm—l. Assumption (ii)
requires that either the pressure broadening be large in comparison to the
radiative linewidth for the 6p levels, or the optical pulsewidth tp be short

in comparison to the radiative lifetime of 6p. Assumption (iii) is valid

for tp > 10—13 scc and atomic densities N < 1019 cn3.

The solution of Eqs. (3), (5) and (6) for linearly polarized light,

whicn is ontlined in the appendix, yields the result

A52
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where ¢ ) denotes an average over an optical cvele [a.g., (Ez(t)) s ‘ﬁlé’(u,t)lzl 3
rlO is the dephasing rate of the 6s - Op transition, and T* is the collisional
nixing rate of the 6p sublevels. The remainiry parameters ara given by
expressions (A12) - (Al4). At 1.06 p, where ronresonant contributions are

small, these are well approximated by

P, -} &
Y (I‘10 1) (n10 +uy,)

2 2
21 Nowgy vy,

(m10 —m)z(m20 - 20)

PR
T T
nlz =

3 2 s ‘(10 b, ¢)
n (:Jlo - w) (- UZL)

Expression (8), or its more general version (Al2), has been derived by
other authors for quasi cw conditinns,(s) or for the special case where the
atonic relaxation arises entirely from radiative processes(g) (i.e., vhere

I'” =0 and rlO is half the radiative dawping rate of hp). Under these conditions




the integral terms do not nppear,(lo) at least fur processes up to third

order. In the collision dominated reginme, where rlO is large in comparigon

to radiative damping rates, the integral terms must, {n gencral, be retained

For circular polarization,

BE) =Nt £, by D £, v eI, a1

~

& - .
where r, = 2 j(w + 1 y). Solution of Eqs. (3), (5) and (6) again gives

Eq. 17), but expressions (8) and (9) are replaced by

TE- M=) gy

Te o term does not contribute in this case because the corresponding
virtual transition 6s - 6p + 7s requires a zero net angular momentum transfer
from the light to the atom, whereas tws photons of circularly polarized

light must transfer AJ = 112.(11)

Numerical values of Mo Moo and £y, can be calculated using the 6s -

6p oscillator strength measured by Korff and Breit,(lz) and the ép - 7s

oscillator strength calculated by Stone.(l3) The matrix elements are (in

T S —— L A T —————— T

atomic units) Moy = 3.05 and u12= 2.44, and the results are Ny = -1.55 x 10—30N

-30

o = 0.29 % 100N, and n, = 0.16 x 10 5% esu for A = 1.064 u.

12

The main term of interest here is the two photon contribution Nygs

vhich arises primarily from the second order polarization pég)(t).(14)

At 1.06 u, terms such as n,q are positive in most substances, and are generally




" . ke S

accopted as being respouslble for the self focusing observed in materials

15 3 3
such as laser glass.( ) In Cs vapor at 1.06% u, however, fyq 18 large and

negative due to the strong resonant enhancem:nt by the two-photon desoninator

(wzo - 2w)/2%c = -260 cm_l.

The Mo and ng terns arise from pulse-induced population of 6p, which

is weakly eahanced by the nearby single plioton 6s-6p resonance [(wlo - w)/27c = 2149 cn_ﬂ

As Tq. (7) indicat~s, this can result in both instantaneous and time-integrated

contributions to GnNL(t). The instantaneous portion is due to coherent population

changes and can be obtained from the adiabatic following model proposed by

Gris:hkousky.(l) The integral terms are due to incoherent population changes,

and can be significant if the pulse duration tp is comparable to Plo_l. I
1f tp << rlo—l’ T‘-l, the integral terms will be negligible, and Eq. (7)

reduces to

sa'(t) = 0y CEX(E)> . (14)

One can therefore measure "o by measuring n, for linear and circular polarization,

and usinz Eqs. (8) and (12); i.e.,

Ny = nz(linea:) - nz(circular). (15)

ITI. EXPERIMENT

In order to measure n,, ve studied the self-defocusing of mode locked
Nd:YAG pulses in a 100 cm long ccsium vapor cell at several densities between
N = 0.08 x 1017 cm--3 and 0.32 x 1017 cm—3. The density was controlled by
adjusting the temperature of a cesium reservoir (260 - 305°C), while the

. O i % S .
nain cell was held at 460 C in order to minimize linear absorption from Cs

dimers. The input radiation consisted of single pulses of TWHM intensity

AS55
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durat jon tp = 35 psec (determined by measurenents with a 5 ps=c resolution

streak camera) with peak on-axis intensities around 6 Cw/cmz. The input Lieam,
which was wall collimated (radius of curvatura RO = 20 m), hzad the form of an
Alry profile truncated at the first nininua.

The beam ensrgy entering the cell was ieasured with a calorimeter and
was monitored with a calibrated photodiode. Its 1/e intensity radius was
- 0.58 mm. Simultaneous ¢tnergy measurenzats at the output end of the cell
showad that insertion loss due tn the Cs was < 57 for all of the data that
was used in determining n,. The ere»ay pro’ile at the oulput end was recorde .}
by imaging the exit window onto a silicon photodiode array of 25 p resolution.
Figure 2a shows typical oscilloscope traces of thesc output profiles for the
case N = .32 » 1017 cm-s.

At low intensities, the beam profile vas ideatical to that obtained
uith linear propagation in an empty cell. At intermediate intensities, the
beam size increased, but its smooth characteristic shape was retained. At
tha highest intensities used, further increase in beam size was observed,
2ccompanied by beam distortion and the appeiarance of ring structure near the
axis. This behavior is similar to that obszrved in the self defocusing
expeciments of Grischkowsky and Armstrong.(s) All of the data that was used
in determining n, was taken at the intermediate intensities vhere there was
7o beam distortion.

In analyzing the data, the output profile of the beam wes calculated
from a solution of the wave equation in the parexial ray approximation.(lﬁ)
Using Equation (14), along with a constant shape assurption, and approxima:ting
the shape of the input beam with a Gaussian distribution, we obtain for the

intensity profile at the end of the cell




I(r,t) = l}(t}/raz(t)] exp [-rzlaz(t)] 3 (16)

4
Here P(t) is the input beam power and a(t) is a time dependent radius given by'*G)

o2 ¥ a02 { (L + 2/ )% + [1 - p(c)/rc] (z\z/2nu02)2} : (17)

wvhere z is the length of the Cs cell, a and Ro are the input radius and beam
curvature, respectively, and I’c ¢ | Azc/32n2n2 < 0. The energy profile was
then obtained by numerically integrating expression (16) over the pulse
duration. For each data point, measured values of a s Ro and P(t) were used
and the value of n, was chosen to give the best fheoreli al fit to the
measured energy distribution at the half-maximnum points. This procedure is
Justified by the good overall agreement betweea the calculated and experlmental
profiles, as illustrated by the examples shown in Fig. 2b.
IV. RESULTS

The results of our m2asuremen ; for linearly and circularly polarlzed
light are shown as a function of density in Fj ;. 3, and are compared with the
theory in Table 1. The First column of Table 1 gives the experimental value
of nZ/N obtained using Eq. (14), as described above. Column B gives an
adjusted experimental valuve which approximately accounts for the effects of
the integral terms in Eq. (7), as will be discussed later. Column C gives the
theoretical values for n2/N obtained from Eqs. (8) and (12) using the calculated
values of n,q and "o The values shown in Column D are c¢alculated from the
exact expressions (Al2 and Al7). The good agreement between columns C and
D justifies our earlier neglect of such terms. Finally, the last column
gives the value of n2/N obtained from the susceptibility calculations of

Miles and Harris.(l7)




“he apreemeat between cur thzory and the neasurements shown in culunm A
appaars quite adequate, espoclally since 1t compares an ab-initio caleulation
with an absolute measurcment; however, the fact that ln2 (neasured) |
< ln2 (theory)l for lincar polarization, whereas [n2 (mensured)l > |n2(theory)!
for circular polarization requires further commant. The discrepancy appears
tu stem from the integral terms of Eq. (7). In analyzing tha data, e have
effectively treated the integral terms as instantaneous, and lunped them into
an effectlve contribution to the measured valuc of n.. One can estimate the

2

rclative importance of these integral terms by averaging their contribution

. NI sl e ’
Lo én (t) over the incident intensity, and comparing this to a similar

average for the n, (Ez(t)> contribution; i.e., we consider the quantity

Q = frcsnm‘(t) -, <E2(c)>]<E2(c)> dt/ f ny CEZ(0)> % ae,  (18)

using Eq. (7). The corrected values of n, (measured) would then be approximately
(1 + Q)_l times the numbers shown in column A of Table 1. For N = 0.32 ¥ 1017cm-3

,
the transverse relaxation time is Plo‘l = 80 psec.(la) Assuning that T~ = Ylo,(lg)
we then obtain Q(linear) = 0.09 and Q(circular) = 0.5. ‘The integral terms
therefore contribute little in the case of linear polarization, but they result
in a significant correction for circular polarization because lnzl is relatively
small. The corrected values of n,, which are given in column B of Tuble .5
arc approxirately 20 - 257 smaller than the theoretical valuas. It is possible
that a systematic error of this magnitude could arise from inaccuracy in the
maasurement of the atomlc density or the pulse energy.

The experimental value of the two-photon ternm M, €an be found immediately
fron Eq.(15). From either column A or B of Table 1, we obtain n

2
-30 ; -30
10 N esu, in good agreement with our calculated value of -1.55 % 10 N.

o = (1.24.2) x

The fact that this resultis independent of the integral terms is not surprising,
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since wmost of the integral contribution cancels in the expression n2(1ivear) =
n2(circular).
V. REFERENCES
1. D. Grischkowsky, Phys. Rev. Leti. 24, 866 (1970).
2. S.A. Aklmanov, A.I. Kovrigin, S.A. Maksimov, and V.E. Ogluzdin, ZhETF
Pis. Red. 15, 186 (1972) (JETP Lett. 15, 129 (1972)).
J.T.. Bjorkholm and A. Ashkin, Phys. Rev. Lett. 32, 129 (1974).

D. Grischkowsky and J. A. Armstrong, Phys. Rev. A6, 1566 (1972).

V.M. Arutyunyan, N.N. Badalyan, V.A. Iradyan, and M.E. Movsesyan,

Zh. Fksp. iemr. Fiz. 58, 37 (1970) (JETP 31, 22 (1970)).

D. Gr;schkowsky, E. Courtens, and J.A. Armstrong, Phys. Rev. Lett. 31, 422
(1973). 3
R.H. Lehmberg, J. Reintjes, and R.C. Eckardt, Appl. Phys. Lett. 25,

374 (1974).

N. Bloembergen and Y.R. Shen, Phys. Rev. 133, A37 (1964).

B.J. Orr and J.F. Ward, Molec. Phys. 20, 513 (1971).

R.H. Lehmberg and J. Reintjes, Bull. Am. Phys. Soc. 20, 635 (1975);

sulmitted to Phys. Rev. A
P.P. Bey and H. Rabin, Phys. Rev. 162, 794 (1967).
S.A. Korff and G. Breit, Rev. Mod. Phys. 4, 471 (1932).

P.M. Stone, Phys. Rev. 127, 1151 (1962).

(2 ) 2L
(20) 20 + % nl2 = =1.47

J.T. Fournier and E. Snitzer, IEEE J. Quantum Electro.. QF-10, 473 (1974).

The contribution due to p (t) is n

S.A. Akhmanov, R.V. Khokhlov and A.P. Sukhorukov, in Laser Handbook, Vol. 2,

edited by F.T. Arecchi and E.O. Schulz-Dubois (North-Holland, Amsterdam, 1972).




2.B. Miles and S.U. Harris, TEEE J. Quantun Electron. QE-9, 470 (1973).

and

This was obtained Ly taking the wveighted average of the Gp ZP»
2

2P3/2 linewldths measured by C.L. Chen and A.V. Phelps, Phys. Rev. 1573,

62 (1968).

fie
(U

. Berman and W.X. Lamb, Jr., Phys. Rev. 187, 221 (1969); C.G rington,
N. stacey, and J. Coop r, J. Phys. B 6, 417 (1973).

. Crisp, Pnys Rev. A 8, 2128 (73).

'.:»."'mg* "”»‘ ‘-’:




_APPENDTY
To obtain the solution of Eqs (3), we use the harmcnic expansions

of of.g)(c), as in Eq. (5); i.7.,

pé;‘)(r) n Y gcsg) (w,t) e-iu)t 4 & cég) (0, 1) ei""’t

+ third haraonic terms,

=234t 2iwt

2 2 2
pé—i)(t) % °(§3)(°’t) +% céa)(&u,y) e + % aés)(-z.u,t)e , (Alb)

oo(';) t) = % ca(;) (Ww,t) e-iwt + % aé;) (-w,t) eiwt, (Alc)

where ¢ and 8 refer to states |0>, ‘1> or 12>, and the amplitudes

*
o(s:) (u’w,t) = [rJB(:)(-n'w,t) ] will vary in times on the order of "he pulz--
width tp. Substituting Eqs (Al) into (3) [and dropping the time '.b:l for

brevity), orne obtains

€))

. (3
S a w) + [i(wczs - w) + l"(Y ] o3 W)

B
= 21 &W) sg)(O) +i & P,

o3

. (2) : (2)
a.a (0) + (iw g + T o) %8 0y

1 1 3
=i & séa)(_u)) + %i &(~w) sés)(w-., * beg ZY: W, o

(2

)
v, SOhg G

e
C-,é;) @ + [i(wc;B - ) + ro':%] G:ES_) (2v) = 1 &) S(E;) )y, (A2¢c)

6D + 1, -0 + Tl ol @) = (wh) E@) g (g 8., (B2)




vhere

(n) ’ - ('ﬂ) N ¢ (n) ’
S.a (r'w) = (1/2 h) ; [“CYY 0\3 (n’ W) cm{ (n” w) u‘YB ], (A3)

!‘03 = T‘SC’ is the relaxation rate of pas(t)’ and \-JY describes collisional mixing
of states such as the 6p sublevels. 1t is evi’dent froa these equations that

the nonresonant contributions could be elininated at the outset simply by dropping
all terms except 0&0) W), 0(3) (w), o (2’ ), (2) (2v), and o( )(w) In this
treatment, however, we will retain the nonresorant terms and present the complete
expressions for the coefficients of &n(t) in order to assess the accuracy of
Expression (10).

For all cases except the zero frequency diagonal terms, 6;2) (0), Eqs. (A2)

have the general form

G(t) + (1O +T)o(r) =RE) , ll>r,

20
with the formal solution for (- = R (-») =0,

€ , [
o (t) Idtl e-(]ﬂ + ) (t-t") R(tl)

3: ey L ANy
in+rT n

dt

1=0

For example, (A2d) yields the result

4 w1
(1) ¥ )
.2 w,t) = - (i/n) “aa ao 600) 2 [1(» =T ]

n=o o3




Since (0 represents waﬁ’ w, w +w, or u%
']

> + 20, and |(1/R) dr/dt] will be
L3

8
on the order of the laser linewidth, postulate (iii) of Sec. TI leads to

the cond tion |(1/R) ar/at} << IQl. Therefore, only the lowest order terms of
Eq. (AS5) must be kept, and in most cases, only the zero order term will be
needed. According to postulate (iii) this can be further simplified by
dropping I' in comparison to i Q. The resulting expressions

26w, t) sc((;) ©,t) + €(-v,t) sész)(ZJ),t)

(3) =
oOB (w,t)

w - W

of

" €@, (0,0 + E¢u,0) s w,0)
%8 Sl s 2 “35

y (Wg # 0,

oD,y - €O s @,t)
o >

waB - 2%
are identical to the usual cw solutions.

The solution of the zero frequency diagonal equations daa(o,t) requires some-
what greater care. Following the postulates of Sec. II, we consider only the
ground state IO) = 165) and the magnetic sublevels of 6p, which are denoted
by |6p+1) = |a), l6pn> = |b) and |6p_1) = |¢). For linearly polarized light,
the state labelled |1) corresponds to |b>, which is the only sublevel radiatively

coupled to ‘0). Equations (A2b) and A3) then lead to the results

g = R i
.




N = - (1/8) ug, E) [o((’p Py "ﬁclw)(“"] . A

(A8D)

vhere Na = céz)(O), and i’ is the collisional mining rate of the 6p sublevels,

The terms N_ 4 Nc can be eliminated from (A8b) by using the ideatity
Na #+ Nb s Nc + No = 0, which follows from the assuaption that no other levels are

occupied to second order. ‘fhen

The right hand side of (ABa) can be evaluated by substituting the expansion

(A6) for oé:)(-w) and o{é)(-w). The formal solution represented by equation (A6)

constitutes an expansion in time derivatives of the optical field, as has been
20 :
pointed out by Crisp. According to postuiate (iii), the zero order term of
(A6) is always much larger than the remaining terms; and thus the solutions
(A7a-c) give result: to order zero in the timz derivative expansion. When te.ms
involve the diagonal matrix elements at zero frequency, hewever, cancellatioas
occur in combining the contributions with their complex conjugates, leaving
integral expressions that are of lower orcer in th2 tinaz derivative expansion,
Consequently, in evaluating such quantities, the first order term in (A6) must
be kept to insure retention of all terms of order zero in the time derivative
expansion, FEquation (A8a) then becomes
10+

2
Hov 2 2
Do o e+ a [E@y] e |,
,L,,nz(wi.o N [ 10 ]

')




where we have again neglected rlO in comparicon to '”10 b ‘W

The solutions of (A9) and (A10) are then

2

(2) . .
000 (O,t) No(t)

2 2
(wlo =k 15y

-t
2h g - ¥)

t
X [:I@GH,:)IZ + . {i lgxw,t')lzdc'] (Alla)

{es)

3 .t 2
Hop @ro*t )
53

s 7
] -
2n (wm )

(B e -
0,1 (0,8 = N (6) =

t ’ ’
k [lé%v,t)lz sy -t ] DT g )2 g

4
t ’ ’ t
-(3/2 t-t 2
arip [ SO Tt S,y P (A11b)
10 Y, P
Combining Eqs (6), (All), (A7) and the zero order term of (A6), one obtains

Eq. (7) after some rather tedious algebia. The complete coefficients are

“2
12 )8 P 1

- w)z((.u20 - 20 W

27N ugl
3

(w + u))z(u.'20 + 2w)

10 10

4 2 2
4N Hoq (3.010 + w6y w

- | 773
h (wlo-u)

10

Y= - E¥Tm+ 05,

R
01 Y12
il 97 % 3
WY - W -
hT G, ) @ w5,)

. h 2 2 e 2 2
= 8N 101 (wlo + w )wlo 8-N u (wlo + W) u)21

n

10 ol

B A 2.3 2
h(ulo wy

At 1.06u, where wlO -w, w - w21 and w20 2% are small in comparison to




oW w21 and u'20’ expressions (Al.) and (Al4) are well approximated
-5 (8) and (10).
In the case of a circularly polarized field [Eq. (11)], one can derive the

noniinear refractive proparties from arguments similar to those given above if

Zz. (6) is replaced by

6nNL(t) = 21 N IR (w’t)/g(w’t)

a3 Y8y %¢3

ané the interaction portion of (4) is replaced by

V(t) = - gﬁ: “:5 la><B| ¥ E(u,t) S c., (A16)

whera & 2-% (ex + iey):&. For Y = 0 or 2, the only nonvanishing matrix
P
+

= *
5 (uYa) and Hye

= uly' These considerations again lead to Eq. (7), with

ele=ents are u+
ay

= uv1

= ('“::y)*’ and these have the absolute values

2
Wil ¥es ¥
s T
w - W
21

(41)2

2 G 2 2
10+ WKL) = T (Luw+7w)]w1

0




1

2
- 31) 20 o
o M) 2 @

2 2 ’ 2 2
N £ = ¥ 2
LN TP P [(d‘l0 I )(wm 1+ w) w

- o 2.2, 7
h™ @) -9 @ -

- @r

21 10

)

1

u,2
21

and expressions (Al4). in the near-resonant approximation, these results

reduce to Eqs (12), (13), and (10).




FIGURY 1

FICLRE 2

FIGURE 3

FIGURE CAYTIONS

Encegy level diagram of Cs, showing the three Jevels |6s> xlo),
l6pd> :|l> and |7s>~ EiZ) prirarily responsible for self defocusing
at 1.064 p. The dotted lines show thz position of tlz lasec

fundamental at 1.064 yu ernd its two-photon level at .532 yu.

Spatial profiles of the pulse at the exit window of the Cs cell.

a. Oscllloscope traces of photodivcc array measurement at low,
intermediate, and high intensity.

b. Comparison betveen theoretical prefiles (solid lines) and
measured profiles (dotted lines) at intermediate pulse energies.

Effective nonlinear refractive index n, vs. atomic density N for

2

linearly and circularly polarized light at 1.064 u.




TABLE 1

n

Eg-x 10”0 (esu)
o EXPERIUENTAL .THEORZTICAL MILES & HARRIS
(A) (8) (©) (") (T)
? } -1.5 + 0.02 -1.4 + 0.2 -1.84 -1.93 ~0.66
C: ~0.35 + 0.0% -0.28 # 0f03 -0.29 -0.28
- (A) Experimental values obtained from analysis of data that ignores the integral

terms of Equation (7).

integral terms.

(3) Fxperimental values including an adjustment to approximately account for the

(C) Theoretical calculation using resonant approximation [Eqs. {8), (10) and (12)].

(D) Theoretical calculation including antiresonznt terms. [Eqs. (A12) and (A17ﬂ.

Theoretical calculation of Pef. 17.
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ABSTRACT
The response of a twu-level atom to a smoothly.varying near-
resonant driving pulse can be described by the usual adiabatic following

1 2
2 2 29 2.%
satisfied throughout the pulse, Here, Q(t) = [A“(r) + P E (YN )

approximation if the conditions T -1, T . << t;l << Q(t)/2x are

is the atomic precession frequency, A(t) the detuning, €(t) the field

envelope, tp the effective pulsewidth, and Tl’ T2 the atomic level

and phase relaxation times. From Bloch's equations, we have developed

a generalized version of this approximation applicable to cas-s where

T1 and T2 can be comparable to or less than tp. It allows the conditici
2 << t;l to be replaced by the weaker requirement

Tl'l, T2'1 p° 62(t)/hz a%(t) << a(e). If T, > t,» the atomic Bloch

vector remains aligned nearly parallel to the effective driving

field (&(t), 0, hA(t)/p) in the rotating reference frame (as in

the pure adiabatic following case); however, it decays in length if

T2 is comparable to tp' The approximation bridges the gap between

pure adiabatic following behavior for t;I >> Tl-l, T2-1 and rate

equat ion behavior for c;l << T2-1 ~ ((t), thereby allowing a more

complete description of phenomena such as adiabatic inversion and

resonantly enhanced self focusing and defocusing,




I.  INTRODUCTION

In recent yecars, there has been a considerable interest in phenomens
arising from the n;nlinear interaction between short light pulses and near-
resonant two level atnms.l.'11 Such phenomena include resonantly crhanced
self focusing and defocusxing,l-5 spectral broadening due to self phase modulatiun,6
optical shock formation,7 and atomic population inversion due to adiabatics-lo
or nearly adiabaticll rapid passage. Under suitable conditions many near-
resonant effects can be described quite simply withir the framework of the
vector model of the 2tom by applying the adiabatic following (AF) approx-

imation1,2,12,13

to the Bloch equations. 1In this approximation, the atomic
Bloch vector remains aligned nearly paraliel to an effective driving field
that is the vector sum of the optical field E(t) and a fictitious field
proportional to the detuning A, The conditions required for its validity are
(1) the effective driving field must change direction slowly in comparison to
the precession rate of the Bloch vector, and (ii) the atomic population and
rhise relaxation times Tl’ T2 must be long in comvnarison to the pulsewidth

t .

P

Crisp13 has shown that the near-resonant behavior of a two level atom can

be expressed in terms of a series in inverse powers of A. The adiabatic
following approximation is then equivalent to retaining only the first two
terms of this series. In his actual derivation of the AF approximation, Cris).

neglected atomic relaxation entirely. He also assumed that |A| remains large

and constant, thereby excluding the condition encountered in adiabatic passage

’ 8-1
experiments, Q where a chirped pulse can sweep through the resonance and

still maintain a large precession frequency.




i
|

In this paper, we derive a generalized adiabatic following (GAF) approximation
that includes the effects of atomic relaxation, and is applicable even if
T1 and T2 are comparable to or shorter than tp. Moreover, it is applicable
to adiabatic passage experiments as well as to those in which A remains
large throughout the pulse. It reduces to the adiabatic following result for

Tl’ T2 >> t , and to ordinary rate equations when T2 << tp and the optical
p

field remains small. 1If T1 >> tp, but T2 = tp, the atomic response can be

e e T A I P, tha 1y i -w m

described physically in terms of a Bloch vector that remains nearly parallel
to the effective driving field (as in the adiabatic following case), but decays
in length while the pulse is present. For the case of an unchirped pulse,
this means that the atom will not return to its initial state immedjately
after the interaction has ceased; similatly fo- a .nivped pulse is an adiabatic
passage experiment, the atom will undergo only a partial population inversion.
With the theory presented here, one can easily calculate this partial inversion
without solving the complete Bloch equations.

The GAF approximation enables one to generalize many of the earlier cal-
culatious on the near-resonant third order susceptibility.

For e.ther of the

extreme cases, Tl’ T2 >> tp or Tl’ T2 << tp’ the nonlinear refractive index
is purely intensity - dependent;l’z’4 however, in general, the GAF approximation

introduces additional terms that are proportional to the time-integrated

intensity.14 One interesting exception to this occurs in the case where the

relaxation is due only to spontaneocus emission (Ty = 2T1). Under these

1,2 .
conditions we show that Grischkowsky's ’“ lowest order nonlinear susceptibility

remains valid even if tp >> T2.

A, g T T

b i S




The paper is divided into five sections. Section II presents the Bloch-
‘faxwell equations describing the atom-field interaction, and reviews the ordinary
adiabatic following approximation. In Sec..™n III, we derive the CAT
approximation, and discuss the special cases mentioned in the preceding
paragraphs. Section IV addresses the question of stability of the CAF
approximation in response to a perturbation, such as a small but rapid change
that may occur in a limited region of the pulse, In Section V, we compare our
results to the numerical solutions of Bloch's equations under a variety of
conditions, and relate these results to the theory presented in Sections III and

IV,

1I. VECTOR MODETL
Consider the interaction between an intense optical pulse E(t,z) and an

etom with energy levels |a) and ‘b) corresponding to a transition frequency

w.p = h-l(ea = eb). For a linear polarization, we write

E(t,z) = £(t,z) cos §(t,z) ,
where £(t,z) is the field envelope,

¥(t,2) = wot - koz + o(t,2) »

0y is the nominal optical carrier frequeacy, ko = wO/c, and o(t,z) is a
phase factor that will describe the frequency modulation of the pulse. We
will assume that £(t,z) and o(t,z) remain slowly-varying in comparison to the

optical frequency oscillation; i.e.,




Iy €/ot|<< wolgl_ Id o/ot] << W

Iy Enz| << ko|€| , > opz] << k,

The instantaneous carrier frequency
w(t,z) = dy/dot = W+ do/ot “)

is therefore well defined, and remains close to 6. We also assume that

the pulse remains in near resonance with the atom; l.e., the detuning

A(t,z) T w

ab - u(t,z)

satisfics the criterion |A| << O b

Expression (1) can be regarded as a linear superposition of two counterrotating

circularly polarized waves of frequency w(t,z). The response of an atom at

point z can be conveniently described by writing the Schroedinger equation

g Sgr %y

rotating with one of these comronents. The other component will introduce

for the density matrix elements poB(t’z) in a refererce frame @

only a small second harmonic contribution that can be ignored if

13,15

|A! << © Using Crisps notation

b
X(t,2) = p, (t,2) + o, (5,2)  ,  Y(£,2) =1 [p, (t,2) - p (t,2)], (6a,b)
Z(t,Z) = paa(t!z) o Dbb(t,z) (6C)

and adding the usual population a~1 phase relaxation rates Fl = 1/T1“ and

F2 = 1/T2, respectively, one then obtains the Bloch equationsl3’15




dx/ot - r2 X - AY

0 # X - 4 i %
dy /ot 4HX r2\+m1/

pL/dt -ulY-T‘l (%t 1)

w, (t,2) p &t,z2)Mm (8)

and p is the dipole matrix clement between states |a) and |b). 1In deriving

(7¢), we have also assumed that ol Lt N I

The quantities X and Y represent the polarization components in the
rotating frame that are, respectively, in phase and in quadrature with the

optical field. The total polarization in the laboratory frame is thus given

bylS

rP(t,z) = Ol(t,z) cos Y(t,z) - Dz(t z) sin €(t,2),

#(t,2) = Np X(t,2) 8,(t,%) = ¥p ¥(t,2) . (10a,b)
The dispersive properties of the medium are described by 01, while the losses
are described by ?2. As an example, one can write the refractive index as

n(t,z) = 1 + 2= 5’1(t,z)/€ (€ , 2Dk (11)

In calculating the local response of the atom to the optical field, the =

coordinate label is not needed, and will be dropped in the subsequent discussion.




If l"l = I‘Z = 0, then Eqs (7) describe a Bloch vector -1-‘:(1:) =

'él X(t) + 'éz Y(t) + 'é3 Z(t) precessing around an effective driving field

'él £y - 'é3 bA(t)/p in the fictitious space ?:1, e 1.8 05

20 €3

R = 3 xR, a2)

o)

where

» ::-A ~
a(e) = e, wl(t) + 2, A (t) (13a)

Q(t)

i) + o%@®)* (13b)

is the precession frequency. The angle 8(t) between + 3(:) and 'é3 is given by

sin O(t) = + uJl(t)/ﬂ(t) » cos B(t) =+ A(r)/o(t) , (14)

where the upper sign is to be chosen if 4 (-=) > O, and the lower sign if
A(-®) < 0. (This convention ensures that H(-=) = 0.)
In the ordinary adiabatic following approximation, ’ﬁ(t) remains nearly

parallel or antiparallel to B(t:); i.e.,
X(t) ~ 2_ sin @ = + oz, w (e /(e (15a)

2(t) >~ Z_cos B(t) = & Z_L(E)A(E) , (15b)

vhere Z‘J = Z(-2). The small quadiature component Y(t), which can be obtained

from either (7a) or (7c¢) with ", =T

1 9 = 0, can be written as

Y(t)

+ z, é(t)/n(t), (16)




where
) = (A0 w (0 - Ay & ()1 .

Sufficient conditions for adiabatic following behavior are16

u,l(_m) = X(~®) = Y(-®) =0 , (183)

< Q) , (18b)
<«<
Lim s 1/tp 5 (18¢c)

where tp is the effective interaction time be.ween the atom and driving
pulse, and wmax is the largest significant Fourrier component in the time
dependence of a(t). It shouid be noted that tp can be significantly shorter
than the width of the envelope £(t) if the pulse is chirped.

Condition (18b) is often taken to mean simply that a(t) can change

direction only a negligible amount in one precession period. This may be

stated as |9(t)' << (A(t), or as Q(t) tp >> 27, Such criteria, which ensure

that '.Y(t)' << |'I‘:| , are adequate if the pulse is smuoth and unmodulated;

howaver, if either A(t) or wl(t) contains a small coherent modulation component
at a frequency aro ad Q(t), it can result in a serious departure from adiabatic
following behavior. A small but rapid change in (ul(t) can also cause a deviation
from adiabatic following, although the result is less drastic if the perturibation

is localized. This question will be examined in more detail in Secs. IV and

Ve
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In his recent derivation of Eqs. (15)and (16), Crisp13 restricted the
analysis to the case where ]"1 = 1"2 =A = 0. 7Ta the following section, we
will generalize these equations to include both atomic relaxation effects

and time dependence of A that even allows A = 0 during a portion of the ulse.

1I1. GENERALIZED ADIABATIC FOLLOWING APPROXIMATION

In this section, we will generalize Eqs (15) and (16) to include the
effects of atomic relaxation. We will then examine these results, both in
the regime of small damping where an adiabatic following type of behavior is
obtaised, and in the regime of larger damping where the behavior is adequately
described by rate equations. In obtaining our results, we shall use a second
rotating coordinate system ’él', 'é;, 'é; in which ’éé remains oriented along
+8(t) [d.e., along + B(t) 1f A(=) > 0 and along - ((t) if A(-=) < 0], as
is illustrated in Fig. 1. T.e use of this coordinate system tacilitates the
analysis because the role of A in the unprimed coordinate system is played
by Q0 = (A? + (ulz)% in the primed system. Conseyueutly, assumptions that are

normally used to obtain adiabatic following behal\t:lorl’z’13

remain valid in the
primed system, even when the carrier frequency is swept through the resonance,

causing A to pass through zero for portions of the pulse.

The transformation illustrated in Fig., 1 is given by

X(t) = X' (t) cos 6(t) + 2'(t) sin 6(t) (19a)
Y(t) = Y'(t) (19b)
Z(t) = - X' (t) sin A(t) + 2’ (t) cos B(t) , (19¢)

which according to (14) can be written as

A83

oy,




i SN VARRCEE AWA (20a)
ix' ml/Q +2' 8 . (20b)
Substituting this transformation into Bloch's equations (7a-c), we obtain

s$'(e) m X'(r) + 1 Y (), (21)

’ 2 2 ’ 2 2 I*
8 = (10 -Ty% Fd MI/ZD ) s+ (T4 wllzn ) S

: ot |
- = Ty Au»lln I “’1’“
2 =k (5 + T4 Awllnz)(s' +8'#%)

T tui/nz) i Py &0 |

where ', =T, - T., and 8 is given by Eq. (17).

d 2 16
The generalized adinbatic following approximation postulates that

Is’ ()] << ()]s’ (o)l (23)

at all times during the pulse. In the ubsence of relaxation, this inequality
leads directly to the ordinary adiabatic following results. Indeed, an ex-
amination of Eqs (22) reveals that condit?ons (18a~c) are sufficient to
ensure the validity of inequality (23). However, it is also apparent that

(18¢) could be replaced by the condition

2 2
I, T, el(e) /() «<aw , (24)

which allows the damping rates Fl and FZ to be of the same order as the inverse

pulse diration l/tp.
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The formal GAF ¢quations, defined by setting $' = 0 in (22a), are

X' =+ (1“2/0) el (25a)
’ - 3 2 2 ’ 2
Y =4 [(®Q/f) - ry o wl/of 1.2 = rl "“1/f . (25b)
where
! 2, .2 2 2 2
£ (t) =07(t) + r‘2 - r‘d 1"2 wl(t)/n (t) (26)
& The equation
B = < G pedy ffw? + 0% r,+ 0%+ r22)r11 7’
] t [er,en+ ©% + r22) amiT}, (27a)
where
2’ () =z (-o) (27b)
i then follows by substituting (25) and (26) into (22b). These results are
..: 7
- consistent with conditions (18a, b) and (24).1
|

For smoothly varying pulses, condition (18b) is equivalent to
Qtp >> 21, This allows a simplification of many of our results, because it
implies that lel << @ To see this, we note that |A| & lAl/tp and
ld)ll & wl/tp; hence, according to (17),

e 2
o] = 2 |al w M t <20/ by << o (28)

The 8 term must be retained in (25b) because l"2 can be << Q, but it can be
dropped from (27a) to a good approximation. Thus

L A Ty + T4 wf/fz) A r,am o, (29)

where we have also used (13b), (26) and (24).

A85
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The components of R(t) in the original rotating frame may be found by
substituting the solutions for Xl(t), Y/ (t), 2'(t) from equations (25) and
(29) back into Eqs (19) or (20). They are explicitely related to ik by the

expressions

X = (/5 (F 1@* + T T )@ /M 4T, 08/01 7

2
ARl Aml/.’) 1,

1

g= /ey f¢ (@4 1‘22)(A/ﬂ) -T, ) w /2] 2’

2,.2
=i B wl/n L (30b)

with Y = Y’ given by Eq. (25b). Using conditions (24) and (28), one can

simplify these expressions to
x>~ + z'Q wllfz , z=~+2' Al (31a,b)

to a good approximation under the conditions of interest. The neglect of

rl and 0 terms in (30a) is not accurate if F2 >> (1; however, in that case,

cordition (24) requires that o, << (), One is then dealing with a linear system

aear resonance, and |X| << ‘Y‘, ‘Zl.
There are two cases of particular interest in which (24) is satisfied.

The first one allows mi/ﬁz < 1, but restricts T', so that I', << (1, (This

2 2
1 F2 ~ 1/tp.) The second case allows ry comparable to 0,

2 2
but imposes the restriction ml << 07,

still allows T

Case A, T, << 0

To a good approximation, we neced retain only first order terms in

FI/Q or Pz/ﬂ. Equations (25) and (29) then reduce to




X4 Qi us (32a)
Y ~% (@) -T, 8w /0% 2 -1 w /o (32b)
v 11
=+ [(éﬂ7) - (Fdﬂi) sin € cos €] 2’ + (FIAQ) sin 6, (32¢)
g'®> - (P, T mzlnz) ' & r. 4R (32d)
17 d 1
2
= - (F1 + Fd sin” 0) 2’ - Fl cos B, (32e)

giving the following expressions for the unprimed components of ﬁ from
Eqs (19):
= &2 w /o = z’ sin8 , Y=Y, (33a)

z>+2" A =2 cos B . (33b)

In the important case where Fl << lltp,

Y =T 1em -1, s’z (34a)
2,4
vow(t)
' 1 / -Q(t)
2°(t) =2 exp |- T —-—— dt’ | = Z e , (34b)
o 2 .[a: Qz(t') o

and Eqgs.(33a, b) become

X(t) = + fw, (e)/2(6)] 2 eE) gy = + [y /A z2 ) e ) (354 1y

Equations (34) and (35) describe the effects of a small amdunt of atomic damping
on the ordinary adiabatic following results (15)., The inequality (18b) and
the condition I', << 0 imply that Iy’ (ey! << 12/(t)!; hence, Eqs. (34) and
(35) describes a Bloch vector ﬁ(t) that remain nearly parallel or antiparallel

to a(t), but decays in length R(t) = |§(t)| & |Z'(t)| during the pulse. It
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is instructive to note that this decay law can be easily obtained directly from

Eas (7). Multiplying (7a) by X, (7b) by Y, and (7¢) by Z, then setting

1 3
2 ¢ z2)2 = (x’2 s y'2 + z’2)d, we find

Tl = 0 and using R = (X2 + Y
dRz/dt = - 2 F2 (X2 + Yz).

e 2 2
If R lies along + d, then X2 + Y2 =P sin’ <

and

= 2 2.2
R = - I, Rsin® 6 = - r, R w1ﬁ3 , (36)

whieh agrees with (34b) for R(-=) = IZol. The decay of R(t) Yas two important
consequences. In experiments suech as Grisctkowsky performed,l’2 where A
remains constant, it results in a net absorption of pulse energy by th. atom;
whereas, in an adiabatic passage experiment, it results in an ineomplete in-
version. In the limit where F2 << l/tp, Eqs (33) and (34) reduce immediately
to the ordinary adlabatic following results (15), (16), so these effects
disappear.

Case B, mf << 02 3 A2

If F2 >> Fl, l/tp, then Eqs (25b), (29) and (31) reduce to eonventional
rate equations. One ca. show this by combining them, and taking mi << A2

to get

X = - (A wl/y2) Z
2 : . 2
Vi (1/\/)(1“2w1 -8 Ay z - (_lwl/v) 4+ 1)

A [(I‘2 wf/vz) =8 wl/A] Z-T,@Z+1)




Bl P

vhere y = A" +1,%. Since lo] ~ 21)1/()tp, the condition I') >> T I/tp

1’
leads to the rate equations

X= - (A (nl/'yz) z , Y~ (T, :.,lfyz) 7, (38a,b)

)
Z -, WiNYZ-F Z+1) . (38¢)

Eqs (38) are normally obtained by setting X, ;{~> 0 in the original votating
frame [i.e., in Eqs (7a,b)!., 1t is therefore not surprising that our results
reduce to (38) only under the condition where 02 2 wf/ﬂz ==

One can derive a simple expression for the lowest order nonlinear refractive
index in the case where l"l, l"2 can be comparable to lltp, and the atom remains
near its ground state Z ~ - 1, Combiming Eqs (8), (10), (11) and (31a), we

obtain
2 2 ’
n(t) - 1= « (2x NpO/h £f7) 2 (39a)

= - (21er2 Afn vz) f1-Q - r;/Az) wilzyzl £, (39b)

2

where we have used W, << A" and 4 = %+ |A| in deriving (39b). Taking (29)

to lowest order in W

2
1
2
1,

and assuming wi 7 == wf, we have

iy SR 2y Zyian 12 ’
Z [2 T, (1 l"2/A ) rll (w1/2y ) rl(z + 1),
which has the formal solution

2, 2
21"2 = l"1 (1-1"2 /187)

2V2

z' ()~ -1+

t "
[ ae’ Pl R )wf(t') (41)

for a constant A, Eq. (39b) then becomes




2 ,
n(t) - 1= (2NpA/nyd) + 6 ni(e)

whare 6nNL(t) 1s the lowest order nonlinear contribution

3

P 2,

NL Np ‘A Ty 2

en (t)"-—"‘a 1--7 é‘(t)
h™y A

i) &'y, (4om)

If |A| > ]"2, then

t ’
GNNL(t) ~%¥n, [gz(t) + (2, - T [ oa R €z(tl)] -

n, = - 21(Np4/713 i (43b)
Equations (43) are in agreement with results recently derived by using perturbation
theory.m

The 62(t) term has been observed in the self focusing and defocusing
experiments of Grischkowsky,l’?' in which ]"1, 1"2 << l/tp. When 1"1 or ]"2
are comparable to 1/tp, the integra'l term will generally be an important
contribution. For example, it is probably responsible for the asymmetry in
the spectra’ broadening observed by Arutyunyan, et, 81.6 tlowever, in the case

where the relaxation is due entirely to spontaneous emission, we have

]"1 = 2]"2, and the Integral contribution vanishes. This is, indeed, the case




1,2
L in most of Grischkowsky's experiments, ’" and his lowest order results should
also be valid for longer pulses, provided that tp renains shorter than the J

8
t collision time of the ntoms.l The cancellation between Pl and 2F2 does not

ocenr in the higher order nonlinear contvibutions to the refractive index.

) 1V. STABILITY CONSIDFERATIONS

I liquations (25) and (29) remaln good approximations if condition (18b)
[along with (18a) and (24)] applies throughout the pulse. On the other nead,

% there exist pulses that remain slowly varying in comparison to Q(t) everywhere

| excepting for one localized portion. An example of this would be a pulse

i with a small but abrupt step on its leading edge, followed by an otherwise

smooth, well-behaved time dependence. The question that must be answered

under these circumstances is whether the GAF approximation has any validity

during the subsequent well-behaved portions; i.e., does the approximation re-

| main stable after a small perturbation? The answer is that the perturbation

causes the subsequent values of R to precess around some average value

; (ﬁ(t)) with a bourded amplitude |5 a(t)| and frequency en the order of

- Q(t). TIf the perturbation is small, then '4 R(t)| << 1, and (R(t)) satisfies

i Eqs (25) and (29) to a good approximatior., If Fl, F2 << 1/tp, then |6 g(t)|

remains nearly constant; however, if P] or F2 =~ 1/tp, then it decays at a

rate given approximately by ry - Fd Wf/an.

=9
To examine the behavior of R(t) in greater detail, we assume the perturbation

to have occurred prior to time to’ and obtain the approximate solutions of

(22a,b) for times t = to. We will simplify the calculations by restricting

e

them to the case where F2 << Q(t). [In the case where F2 ~ 1(t), the system
loses its memory of the perturbation, ind relaxes to its rate equation solutions

in a time on the order of 1/F2.]

S = —
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We choose the ansatz for t 2 to"

S/ (t) = (s"(8)) + o, (t) aP el g FOE i (bba)
2 (t) = (2 (&) + c(r) e 1) 4 ewqey M) (44b)
where l
t 1
ofe)' s | 00"y & (45)
t

(o]

and lal(to)l s Icz(to)] . l(;(to)l << 1, corresponding to a small perturbation.
TF ES5N, 01’ 02, {(z") and ¢ are assumed to be slowly varying in comparison
to 2xp (+ i), one may substitute (44a,b) into (22a,b) and independently
equate *he coefficients of ecp (+iw). The result is :
ds'Y/dt = (+ 10 - I‘p) (s’) + r, wi/z‘zz) (s’) *
- ®-T

2 ;i -
g hu o 25+ r,w/ (46a)

s

- S PR | 2 .
&) Poop+ (Mg ui/@Yo* - (0 -Ty 8w/ (4+6b)

o = IR TR 2
0p = (1 20-T )0, + (Tyw)/a0%) o %8 - Iy b /0%) ¢*  (46c)

4 {z'y/dt =% @ + ry 8 w /%) (s) + (s') #)

= 8Ly wi/ﬂz) 2y & r,am (46d)

c=@ta-r -rwin’) oy @+ r, wllnz)(glw *y . (46e)

2
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% where

v
= 3 - T
P, = To(8) ST, = Ty wi/26" «<aqe) . (47

Since all of these quantities are assumed to be slowly varying, one may obtain
approximate solutions of (46a, c, e) by setting their left-hand sides equal

to zero. For {1 >> I‘p, eqs (46a,d) give

(s"y ~T 1 [8M) - ry 8 “’1’“3] DS Y N wl/.‘lz (48a)

d (z')/dt = - T ¥y wf/nz) E'y-£ r, Am, (48b)

] which are identical to Eqs (32), and (46c,e) give

- 2 3 2,..3
9, +% 4 [/ - Fs A wlm J ¥+ %14 (rd wllzn ) ol*, (49a)

It is apparent from (49a,b) that |02| 5 lgl << 'c:l'; hence (46b) is approximately

) c::1 - I‘p cl 5 (50a)
and
" ’ ’
_ o, (t) ™ o (t) exp [-{ ro(e’y de ] ! (50b)
o
According to Eq. (47), I‘p 2 0. The precession amplitude ol(to) introduced
by the perturbation will therefore either remain constant or decay for times
i

t> to. It cannot grow.
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’ V. COMPARISON O EXACT THEORY
t To assess the accuracy of the GAF approximation and gain additional

E insight into its behavior, we compare it to the numerical solutions of Bloch's
equatinns (7a-c). We choose a linearly chirped Gaussian pulse of width

tp (FWIM intensity)

2)

E(t) =&, exp [—(2£112)(t/tp‘,‘ . (51a)

1 w(t) = y(t) = wo + wc t/tp - uuc << W (51b)

hence, according to expressions (5) and (8), and definition wlO = p(gb/h,

{ 2 $
Wiy GE ) =W o Sep ([ C2050) RTE L) L. (52a) +
]
1
St - k
| A(t) = w, t:/t:p . (52b) E
L o
g Since w(t) sweeps through the atomic resonance, this nulse is capable of L

invercing the atom, and it should therefore provide a good test of the GAF

approximation.

il

The numerical solutions to Bloch's equations and to the GAF approximatcion
w:re carried out with the aid of predictor-corrector algorithms.19 All of the [
5AF results shown here were obtained from Eqs (29), (25) and (20}; however, !
the results obtained by using (27) instead of (29) were nearly identical.
In Tig. 2, we have plotted wl(t) and the relevaut quantities Q(t) = 32

[wlz(:) + Az(t)]% and




é(t) = [1+ (MnZ)(t/tp)z] w wl(t)/ﬁz(t) tp (53)

[obtained from (17)] for the case where Wig = »_. It should be noted herce that
10 (ey! << w, (t).

Fioires 3-6 show the comparisons for the case where Wyg = wc = 25/tp.
This corres>onds to approximately four precession cycles in an interval tp
centered a’. t=0, and therefore satisfies condition (18b).

Figure 3 shows the excellent agreement and the complete inversion that
one expects in the pure adiabatic following case where Y1 = Y2 = 0. 1In
the primed reference frame, our solutions correspond to X' =0and 2 = - 1.
The slight discrepency in the values of Y around t >~ + 0.6 tp results from
a small precession amplitude that occurs when (1(t) decreases to about 21/tp at
t =+ 0.6 tp. It is of interest to note here that the total bandwidth of the
chirped pulse is wp = [u)c2 + (4£n2/tp)2]% ~w, which is comparable to 1(t).
The criterion Wp << that is often given for adiabatic following behavior
is therefore necessary only for unchirped pulses.

Figures 4 and 5 show the effects of relaxation. In Fig. & where
F1 = 0 and r2 = I/tp the agreement is again excellent. Figure 4a shows the
partial inversion vesulting fram the decay of \K(t)\, as described in Sec. FLI.
In the primed reference frame (Fig. 4by, X' (t) =~ 0 and ‘Y'(t)\ << \Z'(t)"\ﬁ(t)\;
i.e., we see that ﬁ(t) remains nearly parallel to 53'(t) =+ 6(t), and its
decay is therefore shown in the decay of |Z'(t)‘. In Fig. 5, where rl = l/tp
and T2 = S/tp, the agreement remains good, in spite of the fact that the inequality
T, << Q(t) is only marginally satisfied in this case. Around the peak of the

2

pulse, the atom appears to be approaching steady state saturation, but it
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decays back to its ground state under the influence of Fl as the pulse subsides.
In the primed coordinate system, this behavior requires that 7’ change sign,
and thus, pass through zerv. One can therefore no longer regard E as remaining
parallel to a(t), at least in the region around 2’ ~ 0,

Figures 6-8 show the effects of localized perturbations of the type
discussed in Sec. IV. Figure 6 again shows the behavior of the system (as
seen in the primed reference frame) for Fl = 0 and F2 & 1/tp; however, in this
case, a perturbation was deliberately introduced by abruptly turning on the
pulse at t = -~ 1,5 tp, where . > 044 wlO' As indicated in Sec. 1V, the
precession 6R(t) is to a good approximation superimposed on the GAF solutions,
and damps out a rate given by (47). 1f Fz = 0, then it would persist at
constant amplitude throughout the pulse,

In Figs. 7 and 8, we have chosen wlO = wc = 15/tp, corresponding to only
2.4 precession cycles in an interval tp centered at t = 0, Condition (18b)
is now only merginally satisfied. 1In Fig, 7 (Fl = Pz = 0), the resulting
precession amplitude builds up near t = - .6 tp‘ and remains superimposed
on the GAT solutions throughout the remainder of the pulse. The precession
prevents the atom from being completely inverted, because of the constraint
X2 + Y2 + 22 = 1; however, it is evident from th,s condition (and Fig. 7)
that the precession amplitude would have to become an appreciable fraction
of one before it would significantly affect the inversion. These considerations

are in qualitative agreement with results derived by Horwitz.11 In Fig. 8

, but
p

v

7y =0,

Ta® 1/tp) the precession again builds up around t >~ - |6 t

damps out on account of Fz.




In the final comparison, shown in Fig. 9, we have fixed the detuning at

8 = 25/t and chosen w, =5/t , T =1/t and T, = 25/t . The Bloch equation
P 1 AL P 2 P

results are esseritially identical to tuouse that would be obtained from the

rate equations (38). The small discrepancy in Y(t) t-_ween these solutions

and the CAF approximation arises primarily from the 6 A term in Eq. (37b).
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Usual rotating coordinate system %1' 32, &, and second rotating

3
system E;, @2, 3'3 shown for the case where A(-®) > 0 and

Ry (-=) < 0.

Chirped Gaussian pulse used to derive the curves of Figs., 3-8. The

quantities wl(t), é(t) and 7(t) are given by Eqs. (52), (53), and

(13b), respectively.

Comparison between solutions of the CAF approximation [Eq. (29),

(25) and (20)] and those of Bloch's equations [Eqs (7)), showing the

Bloch vector components in the %1, é2’ %3 coordinate system, for the

case where Z(-®) = - 1, wlO v & 25/tp [Egs. (52)] and Fl = F2 = 0.

In this, and all subsequent figures, the dotted lines represent

the GAF approximation, while the solid lines represent Bloch's

equations. -
Same conditions as in Fig. 3, excepting that F2 = 1/tp. (a) X,

’

Y, Z in coordinate system 81, Ez, %3, (e T 2’ in coordinate

7

1

’
3 .

Same conditions as in Fi;. 3, excepting that Fl = l/tp

”~ ”~ ”~
system e 82, e

»

Py S/tp.

Same conditions as in Fig. &b, excepting that the pulse was switched
on abruptly at t = - 1,5 tp.

Comparison between the GAF approximation and Bloch equation solutions

as - = - ar =W = a = = o
for the case where Z(-) 1, o . 15/tp, nd Fl F2 0
Same conditions as in Fig. 7, excepting that F2 = 1/tp.
A1uv "
r




Fig. 9. Comparison between the GAF approximation and Bloch equation solutions

for the case where Z(-®) = -1, w _ =5/t , A =25/t , T =i/t ,
10 P P’ 1 P

= 25/t

and Fz ;.
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Based upon several general schemes currently considered
for achieving significant gain in the vacuum-ultraviolet
and x-ray spectral regions, magnitude estimates of the
plasma pumping requirements are deduced and graphed as
guidelines for future research. A high density collision
limit is also suggested as a function of wavelength.
Recent progress at NRL in numerical modeling and experi-
ments on two promising schemes will be discussed, One is
the extrapolation of existing 3p~Js cw-laser ion
transitions into the vacuum region, and optimum gain
conditions will be given. The second involves tie
utilization of high probability ion-atom resonance charge
transfer reactions for pumping, for which soft x-ray
| spectra of highly stripped carbon ions will be shown.

k)
|
=
|
|

WHEN ABSTRACT IS COMPLETED DO NOT FOLD THIS SHEET.

Mail first class to the address below using card-

board backing to avoid damage. All material must

reach this office NO LATIR THAN;%ﬁh, - e e W
4

Send abstract to: The Conference Director
The New York Academy of Sciences
2 East 63rd Street
New York, New York 10021

Mailing address of first author

Dr., Raymond, €, Elfon, Code 5504

{ .. Navel Research Laboratory
¥a

hington px.Q'..20375

Alls

e



T T T Y T E—"—

e e LI

i
l
i

|

Atstract Submitted

For Third Topical Conference on Pulsed High Beta Plasmas
UKAEA Culham Laboratory, U.K.

9 - 12 September 1975

MULTIPLE MICRO-PINCH PROCESS IN VACUUM SPARK PLASMA FOCUS

Tong-Nyong Lee

U.S. Naval Research Laboratory
Washington, D.C. 20375

ABSTRACT

Formation of a small (10-50 ym), high power density

15 3 d :
(~10 "~ Watts/cm”) plasma focus in a vacuum spark discharge has
been recently found to be related to a highly localized (< 100 m)
micro-pinch of the plasma column. This micro-pinch takes place at
the boundary of the moving anode plasma2 and often occurs repetitively
within a time inte-val of a few nanosecond. A physical process which

is responsible for the multiple micro-pinch will be described.
"T. N. Lee and R. C. Elton, Phys. Rev. A 3 865 (1971).

2T. N. Lee, Astrophys. J. 190 467 (1974),

T N Lee
Code 5520
Naval Research lLaboratory
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INVITED PAPER
ABSTRACT SUBMITTED
For The 4th International Conference on
Beam Foil Spectroscopy

September 15-19, 1975

Spectroscopy on Plasmas for Short Wavelength ixisers.
R. C. ELTON, Naval Research aboratory, (30 min.)

The achievement of significunt amplified spontzieous emission without cavities
in the vacuum-ultraviolet and soft x-ray spectral regions requires either

high densities or very long lengths. The former appears more promising at
present for concentrating the large pumping power required, and plasma media
are anticipated under such conditions. Very high density operation does rapidly
deplete possible metastable states; in any case a satisfactory mechanism for
population inversion on high energy transitions originating on metastable states
has so far not been identified. Focused high power laser beums offer a
promising source of pumping energy, with various proposed schemes for converting
this concentrated energy into an inverted population. Following a general
overview and prnjection of currently considered schemes, recent vacuum-UV

and soft x-ray data from two experiments will be presentaed. One involves the
use of resonance charge transfer reactions between hydrogenic and helium-like
ions and neutral atoms, and the other rapid pumping of 3p- 3: inversions in

a pre-equilibrium hot-electron plasma state. Also included will b2 a dis-
cussion ¢f a number of interesting featurus in the associated space resolved
spectra obtained; this technique permits the separation of ionic sp:cies and
various transitions according to distance of travel of the plasma from the

target surface. Supporting numerical computations for modeling of experi-
ments will be presanted.
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